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SYNOPSIS OF APPLICATION OF WRITTEN DESCRIPTION 



GUIDELINES 



It is assumed at this point in the analysis that the specification has been 
reviewed and an appropriate search of the claimed subject matter has been 
conducted. It is also assumed that the examiner has identified which features 
of the claimed invention are conventional taking into account the body of 
existing prior art. There is a strong presumption that an adequate written 
description of the claimed invention is present in the specification as filed. If 
the examiner determines that the application does not comply with the 
written description requirement, the examiner has the initial burden, after a 
thorough reading and evaluation of the content of the application, of 
presenting evidence or reasons why a person skilled in the art would not 
recognize that the written description of the invention provides support for 
the claims. It should also be noted that the test for an adequate written 
description is separate and distinct from the test under the enablement 
criteria of 35 U.S.C. § 1 12 first paragraph. The absence of definitions or 
details for well-established terms or procedures should not be the basis of a 
rejection under 35 U.S.C. 1 12, para. 1, for lack of adequate written 
description. Limitations may not, however, be imported into the claims from 
the specification. 

The following examples only describe how to determine whether the written 
description requirement of 35 U.S.C. 112, para. 1 is satisfied. Regardless of 
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the outcome of that determination, Office personnel must complete the 
patentability determination under all the relevant statutory provisions of 
Title 35 of the U.S. Code. Once Office personnel have concluded analysis 
of the claimed invention under all the statutory provisions, including 35 
U.S.C. 101, 112, 102, and 103, they should review all the proposed 
rejections and their bases to confirm their correctness. Only then should any 
rejection be imposed in an Office action. The Office action should 
clearly communicate the findings, conclusions, and reasons which 
support them. When possible, the Office action should offer helpful 
suggestions on how to overcome rejections. 
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Written Description Amended 



or New Claims, or Claims Asserting 
the Benefit of an Earlier Filing Date 



Decision Tree 



For each new or amended claim or claim 
asserting the benefit of an earlier filing date, 
determine the scope of the claim as compared to 
the original claim(s) and/or the earliest priority 
or benefit application disclosure. For each 
broader/narrower element follow appropriate 
branch. 



Same 
Scope 



Meets Written 
Description 



Scope 
Narrower 



Scope 
Broader 



Yes 



If the claim adds additional 
limitations not present in the 
original claim, is there express or 
inherent or implicit support for 
the claim as a whole? Inherency is 
established by evidence which 
will indicate that the apparently 
missing descriptive matter is 
necessarily present in the original 
disclosure and would so be 
recognized by one of skill in the 
art. 



Is an element (s) 
missing from the 
claim? 



No 



Is there express, 
inherent or implicit 
support for the claim 
as a whole? 



Yes 




No 



Is the missing element (s) 
described by applicant as being an 
essential or critical feature of the 
new claim as a whole? 



No 



Yes 



Yes 



No 



Meets 

Written 

Description 



Make a Written Description 
Rejection or deny benefit of the 
earlier application's filing date. 



Make a Written 
Description 
Rejection or deny 
benefit of the earlier 
application's filing 
date . 
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Written Description 



Original Claims 



—Decision Tree— 



Review the full content of the specification and identify features 
that applicant has indicated as being essential to the 
operation/function of the claimed invention. Identify which 
features of the claimed invention are conventional taking into 
account the level of general knowledge and skill in the art. 



Review the language of each claim to ascertain the meaning of the 
terms used and whether the language serves as a limitation on the 
claim. Interpret the claimed invention as a whole giving the claim its 
broadest reasonable interpretation in light of and consistent with the 
written description and the prior art. Characterize whether the claim is 
drawn to a single embodiment or species or drawn to a genus. 



Conduct a thorough search of the prior art. 

First evaluate the claims to a species. Thereafter evaluate each 
claim drawn to a genus (see genus analysis below). If there are no 
claims to a single embodiment or species, do the species analysis 
below for a reasonable number of disclosed species or specific 
embodiments before proceeding to the genus analysis. 



Single embodiment 
or Species analysis 



Actual reduction to practice of the 
claimed invention or disclosed 
species or embodiment. 


Yes 
► 




Meets Written 
Description 











Go to Next page 



No 



Written Description 



Original Claims 
-Decision Tree— 



Clear depiction of the 
claimed invention or 






disclosed species in 
detailed drawings 




Meets Written 


► 

Yes 


Description 



No 



Complete structure of a 

claimed or disclosed 
product or complete acts 
of a claimed or disclosed 
process disclosed? 




Meets written 
description 


► 


Yes 





No 



Consider all disclosed distinguishing identifying 
characteristics such as: 

A: Partial structure 

B: Physical and/or chemical properties 

C: Functional characteristics 

D: Known or disclosed correlation 
between structure and function 

E: Method of making 

F: Combinations of A-E, 
Weigh all factors in view of the level of skill and the 
knowledge in the art and in light of and consistent with 
the written description. Determine if one of skill in the art 
would recognize from the disclosure that applicant was in 
possession of the claimed invention. 



Meets written 
description 



Yes 



No 



Reject under 35 U.S.C. 112, 
first paragraph as lacking an 
adequate written description 
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Written Description 



Original Claims 
Decision Tree 
-Page 3- 

Genus Analysis 



Determine whether the art indicates substantial 
variation among the species within the genus of 
the claimed subject matter. 



Is there is a representative number of 
species implicitly or explicitly disclosed? 
What is a representative number of species 
depends on whether one of skill in the art 
would recognize that applicant was in 
possession of the necessary common 
attributes or features of the elements 
possessed by the members of the genus in 
view of the species disclosed or claimed. 



Yes 



Meets Written 
Description 



No 



Make a rejection under 35 
USC 1 12 first paragraph as 
lacking written description. 
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WRITTEN DESCRIPTION TRAINING EXAMPLES 



Example 1: Amended claims 
Fact Pattern: 

The specification is directed to a sectional sofa with a console 
between two reclining chairs, wherein control means for the reclining chairs 
are mounted on the console. The original disclosure clearly identifies the 
console as the only possible location for the controls, and provides for only 
the most minor variation in the location of the controls, e.g., the controls 
may be mounted on the top or side surfaces of the console or on the front 
wall. Additionally, the specification states that the purpose for the console is 
to house the controls. The original claims required the control elements to 
be present in the console. Applicant subsequently amends the claims to 
remove this limitation. 

Amended Claim: 

1 . (Amended) A sectional sofa comprising: 

a pair of reclining seats disposed in parallel relationship with one 
another in a double reclining seat sofa section, said double reclining seat 
sofa section being without an arm at one end whereby a second sofa section 
of the sectional sofa can be placed in abutting relationship with the end of 
the double reclining seat sofa section without an arm so as to form a 
continuation thereof, 
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each of said reclining seats having a backrest and seat cushion and 
movable between upright and reclined positions, said backrests and seat 
cushions of the pair of reclining sets lying in respective common planes 
when the seats are in the same positions, 

a fixed console disposed in the double reclining seat sofa section 
between the pair of reclining seats and with the console and reclining seats 
together comprising a unitary structure, said console including an armrest 
portion for each of the reclining seats, said arm rests remaining fixed when 
the reclining seats move from one to another of their positions, and 

a pair of control means [located upon the center console to enable 
each of the pair of reclining seats to move separately between the 
reclined and upright positions] mounted on the double reclining seat 
sofa section and each readily accessible to an occupant of its respective 
reclining seat and when actuated causing the respective reclining seat to 
move from the upright to the reclined position . 

Analysis: 

The amended claim is broader than the original claim in that the pair 
of control means is no longer required to be located on the center console. 
Thus, control means mounted on a center console is an element missing 
from the claim. The specification describes the location of the control 
means on the console as an essential feature of the claimed invention as a 
whole because the specification clearly identifies the console as the only 
possible location for the controls, and states that the purpose for the console 
is to house the controls. 
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Conclusion: 

Reject the amended claim under 35 USC §1 12 first paragraph as 
lacking adequate written description. 
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Example 2: 35 USC 120 Priority 



Fact Pattern: 

The specification is directed to artificial hip sockets that include cup 
implants adapted for insertion into an acetabular, or hip, bone. The 
specification indicates that the shape of the cup is not important, as long as 
the implant can effectively function as an artificial hip socket. The 
application is a continuation in part of a parent application that describes an 
acetabular cup prosthesis wherein the cup is a trapezoid, a truncated cone, or 
of conical shape. All of these terms describe a conical cup. The parent 
specification also touts the criticality of a conical cup over all other shape 
cups. 

A reference disclosing the claimed invention published between the filing 
date of the parent application and the instant application. Applicant asserts 
entitlement to the filing date of the parent application. 

Claim: 

1. An acetabular cup prosthesis comprising (1) a body extending generally 
longitudinally and terminating into front and rear surfaces, said front surface 
extending substantially transversely to said body; and (2) at least one fin for 
securing said cup to a prepared acetabulum cavity, said fin having a length 
extending generally longitudinally from said front surface toward said rear 
surface continuously along said body throughout the entire length of said fin, 
and said fin being configured so as to extend radially outwardly beyond the 
perimeter of said front surface and said body so as to engage with the cavity 
thereby securing said cup. 
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2. The prosthesis of claim 1, wherein the body has a generally conical outer 
surface. 

Analysis: 

Claim 1 in the instant application is directed to an acetabular cup 
prosthesis wherein the shape of the cup is not specifically defined (see 
element (1) of claim 1). The claim is broader than the disclosure in the 
parent application, which only describes a conical cup. Claim 1 is missing 
the element of a conical shape. This element is an essential or critical 
feature of the invention described in the parent application because the 
parent application only discloses a conical shape and the conical shape is 
described as critical over other shapes. 

Claim 2 of the instant application is directed to an acetabular cup 
prosthesis wherein the cup has a generally conical outer surface. The claim 
is of the same scope as the invention described in the parent application. 

Conclusion: 

Reject claim 1 over the prior art reference, and indicate that the claim 
is not entitled to the benefit of the earlier application filing date. 

Indicate that claim 2 is entitled to the benefit of the parent application filing 
date. 

Note that if applicant had added the subject matter of claim 1 of this 
application to the parent application in an amendment, the claim would have 
been rejected under 35 U.S.C. 1 12, first paragraph as lacking an adequate 
written description. 
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Example 2A: Essential element missing from original claim 



Fact Pattern: 

The fact situation of example 2 above is similar to the fact situation of 
the instant example, however, there is no parent application in this example. 

The specification is directed to artificial hip sockets that include cup 
implants adapted for insertion into an acetabular, or hip, bone. The 
specification indicates that the shape of the cup is critical to permit the 
implant to effectively function as an artificial hip socket. The application 
describes an acetabular cup prosthesis wherein the cup is a trapezoid, a 
truncated cone, or of conical shape. All of these terms describe a conical 
cup. The specification also touts the criticality of a conical cup. 

Claims: Same as claims 1 and 2 of example 2 above. 

Analysis: 

Claim 1 in the instant application is directed to an acetabular cup 
prosthesis wherein the shape of the cup is not specifically defined (see 
element (1) of claim 1). The claim is broader than the disclosure in the 
instant application that only describes a conical cup. Claim 1 is missing the 
element of a conical shape. A review of the specification indicates that a cup 
implant having a shape which can effectively function as an artifical hip 
socket is critical to the operation/function of the claimed invention. The 
application discloses a conical shape cup and the conical shape is described 
as critical over other shapes. The specification indicates that the invention 
as claimed will not function in its intended manner without the specific cup 
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shape. Therefore this element is essential to the function/operation of the 
invention. 

Claim 1 is directed to a genus. There is no actual reduction to practice 
or clear depiction of the claimed invention in detailed drawings; however, 
the complete structure of a species of the claimed prosthesis (with conical 
shape) is disclosed. The disclosed species is not representative of the genus 
because the specification indicates that without the conical shape the 
invention will not operate as intended. Therefore, applicant was not in 
possession of the necessary common attributes of the elements possessed by 
the members of the genus. A written description rejection should be made in 
this situation. 
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Example 2B: A preferred element missing from original claim 



Fact Pattern: 

The fact situation of example 2B is similar to example 2 A above 
except that in this example the shape of the conical cup is described as being 
preferred. 

The specification is directed to artificial hip sockets that include cup 
implants adapted for insertion into an acetabular, or hip, bone. The 
specification indicates that the shape of the cup must permit the implant to 
effectively function as an artificial hip socket. The application describes an 
acetabular cup prosthesis wherein the cup is preferably a trapezoid, a 
truncated cone, or of conical shape. All of these terms describe a conical 
cup. The specification emphasizes that a conical cup is the preferred 
embodiment. 

Claims: Same as claims 1 and 2 of example 2 above. 
Analysis: 

Claim 1 in the instant application is directed to an acetabular cup 
prosthesis wherein the shape of the cup is not specifically defined (see 
element (1) of claim 1). The claim is broader than the disclosure in the 
instant application that only describes a conical cup. Claim 1 is missing the 
element of a conical shape. A review of the specification indicates that a cup 
implant having a conical shape is preferred but has no apparent bearing to 
the operation/function of the claimed invention. Therefore this element is not 
essential to the function or operation of the invention. 
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Claim 1 is directed to a genus. Although there is no actual reduction 
to practice or clear depiction of the claimed invention in detailed drawings, 
the complete structure of a species of the claimed prosthesis (with conical 
shape) is disclosed. The disclosed species is representative of the genus 
because there is a known correlation between the structure and the function 
of claimed invention and one of skill in the art would recognize that 
applicant was in possession of the necessary common attributes of the 
elements possessed by the members of the genus. The invention as claimed 
will function in its intended manner even without the specific cup shape. No 
written description rejection should be made in this situation. 

Note: If the specification needs to be amended to be consistent with an 
original claim, seeMPEP 608.01 (o). 
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Example 3: New claims 



Fact Pattern: 

The specification describes a form of computer technology called 
multi-threading. In essence, computers with multi-threading capabilities can 
switch between tasks with such rapidity that they appear to be performing 
two or more tasks at once. The specification describes one illustrative 
example in the specification wherein one of the program threads is an editor 
and another thread is a code processing routine in the form of a compiler. 
As the operator strikes keys at the keyboard, the compiler thread executes 
between each successive pair of keystrokes to process the entered source 
code concurrently with the editing operation. By the time the operator has 
finished entering or editing the code the compiler thread will have completed 
most of the required processing, thereby freeing the operator from lengthy 
periods of waiting for extensive code processing. 

In this illustrative embodiment the interrupt operation of the central 
processor is periodically activated by a timer or clock. Each interrupt 
operation asynchronously preempts the executing compiler thread and 
passes control of the central processor to an interrupt service routine. The 
input port is then polled to test if a key has been struck at the keyboard. If 
not, the interrupt is terminated and control returns to the compiler thread. If 
polling the port reveals that a key has been struck then the interrupt service 
routine invokes the editor thread which takes control of the central processor 
to perform a character code entry or other edit operation. In addition to the 
description above, the application's abstract references an editor, compiler, 
interrupt means, and return means, and the "Object of the Invention" section 
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and the "Description of Prior Art" clearly discuss the importance of an 
editor and compiler. 



The original claims required, inter alia, an editor, a compiler, an 
interrupt means and a return means. These elements are missing from new 
claim 20. 

Claim: 

20. A computer-readable disk memory having a surface formed with a 
plurality of binary patterns constituting a multithreaded application program 
executable by a desktop computer having a central microprocessor, a 
memory, means for loading said application program into a defined address 
space of said memory, and a clock-driven periodically-activated interrupt 
operation, said multithreaded program comprising 

a plurality of sets of instructions with each set executable by said 
microprocessor, 

a first of said sets of instructions executable to provide a first thread of 
execution having control of the central microprocessor, 

said first thread of execution being periodically preempted in response 
to activations of an interrupt operation at predetermined fixed time intervals, 
and 

a second of said sets of instructions executable to provide a second 
thread of execution to acquire control of the central microprocessor, 

each of said threads having direct access to said program memory 
address space so as to provide fast efficient preemption of one thread by 
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another thread and switching of control of the central microprocessor back 
and forth among the threads at a rate so rapid that the threads execute 
effectively simultaneously. 

Analysis: 

Claim 20 is a new claim, which is broader in scope than the original 
claims. There are four elements missing from the claims (the editor, 
compiler, interrupt means, and return means). These missing elements are 
described by applicant as being an essential or critical feature of the claimed 
invention as a whole as evidenced by applicant's repeated reliance on the 
presence of these elements throughout the originally filed disclosure. 
Multiple sections within the application make clear that these four elements 
served integral functions in the overall invention. 

Conclusion: 

Reject claim 20 as lacking an adequate written description because 
four elements described as essential or critical are omitted. The omitted 
elements are: editor, compiler, interrupt means, and return means. 



21 



Example 4 : Original claim 



Fact Pattern: 

The invention is directed to a form of autopilot, described as a 
"heading lock/ 1 which enables a person to maintain directional control over 
a watercraft without constant manipulation of trolling motor controls. The 
preferred embodiment, as set forth in the written description and clearly 
depicted in detailed drawings, employs a compass mounted to the head of 
the "heading lock" unit, which monitors the direction of the thrust motor. 
The heading lock is coupled to the trolling motor; in a preferred 
embodiment, the heading lock is mechanically coupled to the trolling motor. 
The disclosure specifically notes that the direction of the thrust motor is 
considered to be the same as the direction of the boat since the trolling motor 
is mounted on the bow of the boat. The specification indicates that the 
electronic steering system continues to monitor the current heading of the 
thrust and also indicates that the heading detector continuously monitors the 
current heading of the boat. The term "heading" is used interchangeably 
throughout the written description to refer to both the direction of the 
trolling motor and the direction of the boat. 

Claim: 

1. A heading lock coupled to a trolling motor producing a thrust disposed to 
pull a watercraft, said heading lock comprising: 

a steering motor coupled to said trolling motor, said steering motor 
being disposed to affect the orientation of said trolling motor in response to 
input signals; 
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a steering circuit electrically coupled to said steering motor, said 
steering circuit being disposed to generate said input signals to said steering 
motor in response to heading signals; and 

a heading detector electrically coupled to said steering circuit, said 
heading detector being disposed to transmit said heading signals to said 
steering circuit. 

Analysis: 

Applicant has identified a heading lock comprising a steering system 
coupled to a trolling motor and a heading detector, as features essential to 
the operation of the claimed invention. Although the heading lock is 
preferably mechanically coupled to the trolling motor, the applicant does not 
describe the type of coupling as essential to the claimed invention as a 
whole. A search of the prior art shows that various means for coupling a 
heading lock to a trolling motor are conventional in the art. The claim is 
drawn to a single embodiment. Although there is no reduction to practice of 
the claimed invention, the claimed invention is clearly depicted in detailed 
drawings. 

Conclusion: 

The claim is adequately described. 
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Example 5: Flow Diagrams 
Fact Pattern: 

The specification is directed to a mechanism for controlling the mode 
of operation of a modem. A modem is used for modulating and 
demodulating signals, both analog and digital, over telephone lines. It has 
two modes: (1) a transparent mode, in which the modem performs the 
modulation-demodulation function, and (2) a command mode, in which the 
modem responds to predetermined commands and performs operations by 
executing a set of instructions stored in Read-Only-Memory (ROM) or 
firmware. An escape command tells the modem when to switch between 
transparent and command modes. 

The application claims an improved mechanism for detecting an escape 
command by a modem. The decision making capability and timing means 
preferably reside in a microprocessor, preferably a Z-8 type microprocessor. 
The specification discloses logic flow diagrams and provides a detailed 
functional recitation that describes how to program computers to detect an 
escape command, but the specification does not provide a computer program 
listing with source code. The specification describes the escape sequence as 
one full second of no data, followed by the predetermined escape command, 
followed by another full second of no data. 

Claim: 

1. In a modem including a data input port for connecting said modem to a 
utilization device, and a telephone port for connecting said modem to a 
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telephone line, said modem being of the type having two distinct modes of 
operation: 

(a) a transparent mode of operation for which said modem provides 
modulated signals to said telephone port in response to data signals provided 
to said data input port; and 

(b) a command mode of operation for which said modem responds to 
said data signals provided to said data input port as instructions to said 
modem; 

said modem including means defining a predetermined sequence of said data 
signals as an escape character; the improvement comprising: 

timing means for detecting each occurrence of a passage of a 
predetermined period of time after provision of one of said data signals to 
said data input port; and 

means, operative when said modem is in said transparent mode of 
operation, for detecting provision of said predetermined sequence of said 
data signals, and for causing said modem to switch to said command mode 
of operation, if and only if said predetermined sequence of data signals 
occurs contiguous in time with at least one said occurrence of said passage 
of said predetermined period of time during which none of said data signals 
are provided to said data input port. 

Analysis: 

After a review of the full content of the specification, the examiner 
finds that a modem having two modes of operation (transparent and 
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command), a timing means, and a means for detecting an escape sequence 
and causing the modem to switch from the transparent to the command 
mode are essential to the operation and function of the claimed invention. 
The specification does not describe a particular timing means or means for 
detecting the escape command and switching to the command mode. The 
claim is drawn to a genus. A search of the prior art indicates that the 
structure of the hardware required is conventional, and that one skilled in the 
art would know how to program a microprocessor to perform the necessary 
steps described in the specification. A review of the art indicates that there 
is no substantial variation among the species within the genus. Although no 
embodiments have been actually reduced to practice, a review of the 
specification shows that the claimed invention has been reduced to drawings 
in view of the detailed functional flow diagrams. Since the claimed 
invention is supported by conventional hardware structure and because there 
is a functional description of what the software does to operate the computer, 
there is sufficient description of the claimed invention. Disclosing a 
microprocessor capable of performing certain functions is sufficient to 
satisfy the requirement of section 112, first paragraph, when one skilled in 
the relevant art would understand what is intended and know how to carry it 
out. 

Conclusion: 

The claimed invention has been adequately described. 
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Biotechnology Examples 



Example 6: Genes 

Specification: The specification describes an isolated cDNA fragment (SEQ 
ID NO: 1 ; a lOOmer) obtained from a human glioblastoma cDNA library. 
SEQ ID NO: 1 is asserted to be homologous to a known DNA molecule that 
encodes the extracellular domain of a glial specific G-coupled protein 
receptor whose function is associated with glial cell differentiation. The 
observed homology is sufficient to support a conclusion that SEQ ID NO: 1 
would be glial specific. Further, it would be reasonable to infer that a G- 
coupled protein receptor encoded by a cDNA that comprised SEQ ID NO: 1 
would be involved in the regulation of glial cell differentiation. In the 
description, applicant defines a "gene" as including naturally occurring 
regulatory elements and untranslated regions necessary and sufficient to 
mediate the expression of a cDNA comprising SEQ ID NO: 1. The 
specification describes methods for cloning nucleic acids that encode full- 
length glial specific G coupled protein receptors. The specification also 
discloses that SEQ ID NO: 1 can be used as a probe for identifying the 
presence of nucleic acids encoding glial specific G-coupled protein receptors 
in mammals. Glial specific G-coupled protein receptors are disclosed as 
useful in drug discovery methods to identify agents that regulate glial 
differentiation. The specification defines a probe as consisting of SEQ ID 
NO: 1 and between five to 10 additional nucleotides on either end of SEQ 
ID NO: 1. 
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Claim: 



An isolated gene comprising SEQ ID NO: 1. 
Analysis: 

A review of the specification indicates that elements which are not 
particularly described, including regulatory elements and untranslated 
regions, are essential to the function of the claimed invention because 
applicant's definition of "gene" requires them. Additionally, SEQ ID NO: 1 
is disclosed as being essential to the function of the claimed invention. The 
art indicates that the structure of genes with naturally occurring regulatory 
elements and untranslated regions is empirically determined. For example, 
the structural elements of "gene" mediating the expression of a particular 
protein in the liver may be different than the structural elements of the 
"gene" mediating the expression of the same protein in the brain. Therefore 
the structure of these elements which applicant considers as being essential 
to the function of the claim are not conventional in the art. 

The claim is drawn to a genus, i.e., any gene which comprises SEQ ID 
NO: 1. 

A search of the prior art indicates that SEQ ID NO: 1 is otherwise 
novel and unobvious, and no associated genomic clones have been 
identified. 

There is no actual reduction to practice of the claimed invention, clear 
depiction of the claimed invention in the drawings or complete detailed 
description of the structure. 
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Considering all disclosed distinguishing identifying characteristics, 
there is a disclosure of partial structure (SEQ ID NO: 1) as well as the 
function of the gene as coding for a G-coupled protein receptor. 

However, there is no known or disclosed correlation between this 
function and the structure of the non-described regulatory elements and 
untranslated regions of the gene. Furthermore, there is no additional 
disclosure of physical and/or chemical properties. Weighing all factors in 
view of the level of knowledge and skill in the art, one skilled in the art 
would not recognize from the disclosure that the applicant was in possession 
of the genus of genes which comprise SEQ ID NO: 1. 

Conclusion: 

Reject claim 1 under 35 USC 1 12 first paragraph as lacking an adequate 
written description. The examiner should make a rejection following a 
similar type of reasoning as that set forth above. 

Note: Applicant may overcome this rejection by claiming a probe which 
consists essentially of SEQ ID NO: 1, since the specification teaches that 
a probe can have no more than 10 additional nucleic acid residues at 
either end of the molecule. The examiner should make an express 
determination that "consisting essentially oP' admits of no more than 10 
additional residues at either end of the molecule. 
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Example 7: EST 



Specification: The specification discloses SEQ ID NO: 16 which is a partial 
cDNA. The specification does not address whether the cDNA crosses an 
exon/intron splice junction. The specification discloses that this sequence 
will specifically hybridize with the complement of the coding sequence of a 
gene of an infectious yeast. The presence of the nucleic acid detected by 
hybridization with the complement of the coding sequence is useful for 
identifying yeast infections. Example 1 of the specification describes an 
experiment where SEQ ID NO: 16 was determined following 
characterization of a cDNA clone isolated from a cDNA library. 

Claim: 

An isolated DNA comprising SEQ ID NO: 16. 
Analysis: 

A review of the full content of the specification indicates SEQ ID NO: 
16 is essential to the operation and function of the claimed invention. The 
specification indicates that the presence of DNA that hybridizes with SEQ 
ID NO: 16 is indicative of a yeast infection. 

A review of the language of the claim indicates that the claim is 
drawn to a genus, i.e., any nucleic acid that minimally contains SEQ ID NO: 
16 within it including any full length gene which contains the sequence, any 
fusion constructs or cDNAs. 

The search indicates that SEQ ID NO: 16 is a novel and unobvious 
sequence. 
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There is a single species explicitly disclosed (a molecule consisting of 
SEQ ID NO: 16 that is within the scope of the claimed genus). 

There is actual reduction to practice of the disclosed species. 

The disclosure of a single disclosed species may provide an adequate 
written description of a genus when the species disclosed is representative of 
the genus. The present claim encompasses full-length genes and cDNAs that 
are not further described. There is substantial variability among the species 
of DNAs encompassed within the scope of the claims because SEQ ID NO: 
16 is only a fragment of any full-length gene or cDNA species. When 
reviewing a claim that encompasses a widely varying genus, the examiner 
must evaluate any necessary common attributes or features. In the case of a 
partial cDNA sequence that is claimed with open language (comprising), the 
genus of, e.g., "A cDNA comprising [a partial sequence]," encompasses a 
variety of subgenera with widely varying attributes. For example, a cDNA's 
principle attribute would include its coding region. A partial cDNA that did 
not include a disclosure of any open reading frame (ORF) of which it would 
be a part, would not be representative of the genus of cDNAs because no 
information regarding the coding capacity of any cDNA molecule would be 
disclosed. Further, defining "the" cDNA in functional terms would not 
suffice in the absence of a disclosure of structural features or elements of a 
cDNA that would encode a protein having a stated function. 

A description of a genus of cDNAs may be achieved by means of a 
recitation of a representative number of cDNAs, defined by nucleotide 
sequence, falling within the scope of the genus or of a recitation of structural 
features common to the members of the genus, which features constitute a 
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substantial portion of the genus. Regents of the University of California v. 
Eli Lilly & Co. , 1 19 F3d 1559, 1569, 43 USPQ2d 1398, 1406 (Fed. Cir. 
1997). 

Here, the specification discloses only a single common structural feature 
shared by members of the claimed genus, i.e., SEQ ID NO: 16. Since the 
claimed genus encompasses genes yet to be discovered, DNA constructs that 
encode fusion proteins, etc., the disclosed structural feature does not 
"constitute a substantial portion" of the claimed genus. Therefore, the 
disclosure of SEQ ID NO: 16 does not provide an adequate description of 
the claimed genus. 

Weighing all factors, 1) partial structure of the DNAs that comprise 
SEQ ID NO: 16, 2) the breadth of the claim as reading on genes yet to be 
discovered in addition to numerous fusion constructs and cDNAs, 3) the lack 
of correlation between the structure and the function of the genes and/or 
fusion constructs; in view of the level of knowledge and skill in the art, one 
skilled in the art would not recognize from the disclosure that the applicant 
was in possession of the genus of DNAs which comprise SEQ ID NO: 16. 

Conclusion: The written description requirement is not satisfied. 
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Caveat: In situations where the specification indicates that the SEQ ID 
NO: is a full-length cDNA open reading frame and the claim cannot read on 
a gene, the claimed invention would meet the written description 
requirement 

Example 8: DNA fragment Encoding a Full Open Reading Frame 
(ORF) 

Specification: The specification discloses that a cDNA library was prepared 
from human kidney epithelial cells and 5000 members of this library were 
sequenced and open reading frames were identified. The specification 
discloses a Table that indicates that one member of the library having SEQ 
ID NO: 2 has a high level of homology to a DNA ligase. The specification 
teaches that this complete ORF (SEQ ID NO: 2) encodes SEQ ID NO: 3. 
An alignment of SEQ ID NO: 3 with known amino acid sequences of DNA 
ligases indicates that there is a high level of sequence conservation between 
the various known ligases. The overall level of sequence similarity between 
SEQ ID NO: 3 and the consensus sequence of the known DNA ligases that 
are presented in the specification reveals a similarity score of 95%. A search 
of the prior art confirms that SEQ ID NO: 2 has high homology to DNA 
ligase encoding nucleic acids and that the next highest level of homology is 
to alpha-actin. However, the latter homology is only 50%. Based on the 
sequence homologies, the specification asserts that SEQ ID NO: 2 encodes a 
ligase. 

Claim 1: An isolated and purified nucleic acid comprising SEQ ID NO: 2. 
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Analysis: 

A review of the full content of the specification indicates SEQ ID NO: 
2 is essential to the operation and function of the claimed invention. The 
specification indicates that SEQ ID NO: 2 encodes a protein that would be 
expected to act as a DNA ligase. 

A review of the language of the claim indicates that the claim is 
drawn to a genus, i.e., any nucleic acid that minimally contains SEQ ID NO: 
2. The claim is drawn to a nucleic acid comprising a full open reading frame. 
The claimed nucleic acid does not read on a genomic sequence because full- 
length mammalian cDNAs would not be expected to contain introns or 
transcriptional regulatory elements such as promoters that are found in 
genomic DNA. The claim reads on the claimed ORF in any construct or with 
additional nucleic acid residues placed at either end of the ORF. 

The search indicates that SEQ ID NO: 2 is a novel and unobvious 
sequence. 

There is a single species explicitly disclosed (a molecule consisting of 
SEQ ID NO: 2 that is within the scope of the claimed genus). 

There is actual reduction to practice of the disclosed species. 

One of skill in the art can readily envisage nucleic acid sequences 
which include SEQ ID NO: 2 because e.g. SEQ ID NO: 2 can be readily 
embedded in known vectors. Although there may be substantial variability 
among the species of DNAs encompassed within the scope of the claim 
because SEQ ID NO: 2 may be combined with sequences known in the art, 
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e.g. expression vectors, the necessary common attribute is the ORF (SEQ ID 
NO: 2). 

Weighing all factors including (1) that the full length ORF (SEQ ID 
NO: 2) is disclosed and (2) that any substantial variability within the genus 
arises due to addition of elements that are not part of the inventor's 
particular contribution, taken in view of the level of knowledge and skill in 
the art, one skilled in the art would recognize from the disclosure that the 
applicant was in possession of the genus of DNAs that comprise SEQ ID 
NO: 2. 

Conclusion: The written description requirement is satisfied. 
Example 9: Hybridization 

Specification: The specification discloses a single cDNA ( SEQ ID NO:l) 
which encodes a protein that binds to a dopamine receptor and stimulates 
adenylate cyclase activity. The specification includes an example wherein 
the complement of SEQ ID NO: 1 was used under highly stringent 
hybridization conditions (6XSSC and 65 degrees Celsius) for the isolation 
of nucleic acids that encode proteins that bind to dopamine receptor and 
stimulate adenylate cyclase activity. The hybridizing nucleic acids were not 
sequenced. They were expressed and several were shown to encode proteins 
that bind to a dopamine receptor and stimulate adenylate cyclase activity. 
These sequences may or may not be the same as SEQ ID NO: 1. 

Claim: 

An isolated nucleic acid that specifically hybridizes under highly stringent 
conditions to the complement of the sequence set forth in SEQ ID NO: 1, 
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wherein said nucleic acid encodes a protein that binds to a dopamine 
receptor and stimulates adenylate cyclase activity. 

Analysis: 

A review of the full content of the specification indicates that the 
essential feature of the claimed invention is the isolated nucleic acid that 
hybridizes to SEQ ID NO: 1 under highly stringent conditions and encodes a 
protein with a specific function. The art indicates that hybridization 
techniques using a known DNA as a probe under highly stringent conditions 
were conventional in the art at the time of filing. 

The claim is drawn to a genus of nucleic acids all of which must 
hybridize with SEQ ID NO: 1 and must encode a protein with a specific 
activity. 

The search of the prior art indicates that SEQ ID NO: 1 is novel and 
unobvious. 

There is a single species disclosed (a molecule consisting of SEQ ID 
NO: 1) that is within the scope of the claimed genus. 

There is actual reduction to practice of the disclosed species. 

Now turning to the genus analysis, a person of skill in the art would 
not expect substantial variation among species encompassed within the 
scope of the claims because the highly stringent hybridization conditions set 
forth in the claim yield structurally similar DNAs. Thus, a representative 
number of species is disclosed, since highly stringent hybridization 
conditions in combination with the coding function of DNA and the level of 
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skill and knowledge in the art are adequate to determine that applicant was 
in possession of the claimed invention. 

Conclusion: The claimed invention is adequately described. 
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Example 10: Process claim 



Specification: The specification teaches that SEQ ID NO: 10 is an EST. 
The specification also teaches that SEQ ID NO: 10 is a chromosome marker 
and that any DNA which hybridizes under specified stringent conditions to 
SEQ ID NO: 10 will be useful as a marker for detecting the presence of 
Burkitt's lymphoma. The specification also teaches how to produce DNAs 
including genomic DNAs which hybridize to SEQ ID NO: 10 and isolation 
of said DNAs. The specification presents an example where a genomic 
DNA is probed with SEQ ID NO: 10 under the specified stringent conditions 
(6XSSC and 65 degrees Celsius) and the genomic DNA which hybridizes 
under these conditions is isolated and is sequenced. The sequence of this 
genomic clone is represented by SEQ ID NO: 11. 

Claim: 

Claim 1 : A process for producing an isolated polynucleotide comprising 
hybridizing SEQ ID NO: 10 to genomic DNA in 6XSSC and 65° C and 
isolating the DNA polynucleotide detected with SEQ ID NO: 10. 

Claim 2: An isolated DNA that hybridizes with SEQ ID NO: 10. 

Analysis: 

Claim 1: 

A review of the full content of the specification indicates that the 
essential feature of the claimed invention is a process of obtaining a nucleic 
acid sequence which is identified by a probe that hybridizes to SEQ ID 
NO: 10 and a polynucleotide that hybridizes with SEQ ID NO: 10. The 
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specification and the general state of the art indicate that the general process 
of producing nucleic acids through hybridization with probes was routine at 
the time of filing. 

The claim is drawn to a genus i.e., a process of hybridizing to 
genomic DNA with SEQ ID NO: 10 and isolating the DNA which 
hybridizes under specific conditions to said sequence. 

The search indicates that SEQ ID NO: 10 and SEQ ID NO: 1 1 are 
novel and unobvious sequences. Therefore, under the examination 
guidelines of In re Ochiai and In re Brouwer* the method of making a novel 
and unobvious product is also novel and unobvious. 

The specification presents an example where a single species has been 
reduced to practice, i.e., isolation of SEQ ID NO: 1 1 based on hybridization 
with SEQ ID NO: 10. Therefore the disclosed species within the genus has 
been adequately described. Now turning to the genus analysis, the art 
indicates that there is no substantial variation within the genus because of 
the stringency of hybridization conditions which yields structurally similar 
molecules. The single disclosed species is representative of the genus 
because reduction to practice of this species, considered along with the 
defined hybridization conditions and the level of skill and knowledge in the 
art, are sufficient to allow the skilled artisan to recognize that applicant was 
in possession of the necessary common attributes or features of the elements 
possessed by the members of the genus. 
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Claim 2: 

The claim is drawn to a genus of nucleic acids, all of which must 
hybridize to SEQ ID NO: 10. The claim does not specify any stringency 
conditions. The claim is broad and reads on virtually any nucleic acid. 

There is a species disclosed, SEQ ID NO: 1 1 . The art indicates that 
there is substantial variation within the genus because the lack of stringency 
of hybridization conditions would be expected to yield structurally unrelated 
nucleic acid molecules. The single disclosed species is not representative of 
the genus because there is no structural attribute or feature that is common to 
the members of the genus. 

Conclusion: 

Claim 1 is adequately described. 

Claim 2 should be rejected as lacking adequate written description following 
the analysis described above. 

Note: Applicant may overcome the written description rejection of the 
product by, for example, substituting claim 2 with a product by process 
claim such as the one below. 

Claim 2. The isolated DNA polynucleotide prepared according to the 
process of claim 1. 
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Example 11: Allelic Variants 

Specification: The specification discloses a DNA, SEQ ID NO: 1, said to 
encode a cell surface receptor for adenovirus. The cell surface receptor is 
designated protein X and its sequence is given as SEQ ID NO:2. The 
specification states that the invention includes alleles of the DNA that 
include single nucleotide polymorphisms (SNPs). No allelic sequence 
information is disclosed, but the specification states that allelic variants of 
SEQ ID NO: 1 can be obtained, e.g., by hybridizing SEQ ID NO: 1 to a 
DNA library made from the species of organism that yielded SEQ ID NO: 1. 

Claims: 

1. An isolated DNA that encodes protein X (SEQ ID NO: 2). 

2. An isolated allele of the DNA according to claim 1, which allele encodes 
protein X (SEQ ID NO: 2). 

3. An isolated allele of SEQ ID NO: 1 . 
Analysis: 

Claim 1: 

Claim 1 is drawn to the genus of DNAs that encode amino acid 
sequence SEQ ID NO:2, i.e., all sequences degenerately related by a genetic 
code table to SEQ ID NO:l. Although only one specie within the genus is 
disclosed, SEQ ID NO: 1, a person of skill in the art could readily envision 
all the DNAs degenerate to SEQ ID NO:l by using a genetic code table. 
One of skill in the art would conclude that applicant was in possession of the 



41 



genus based on the specification and the general knowledge in the art 
concerning a genetic coding table. 

Claim 2: 

Claim 2 is drawn to a subgenus of allelic DNAs that encode amino 
acid sequence SEQ ID NO: 2. The specification does not provide any 
particular definition for the term allele. In this circumstance, the meaning of 
the term is the ordinary usage in the art. The ordinary meaning of the term 
allele is one of two or more alternate forms of a gene occupying the same 
locus in a particular chromosome or linkage structure and differing from 
other alleles of the locus at one or more mutational sites. See, Rieger et al., 
Glossary of Genetics (1991), p. 16. The alleles in claim 2 are "strictly 
neutral" because they encode identical proteins, and make no difference to 
phenotype. See, Rieger et al., p. 17. Although the standard definition refers 
to genomic sequences and the claims are directed to DNAs, a reasonable 
interpretation is that the claim is directed to DNAs that include naturally 
occurring mutational site(s). 

The specification discloses only one allele within the scope of the 
genus: SEQ ID NO:l. The specification proposes to discover other 
members of the genus by using a hybridization procedure. There is no 
description of the mutational sites that exist in nature, and there is no 
description of how the structure of SEQ ID NO: 1 relates to the structure of 
any strictly neutral alleles. The general knowledge in the art concerning 
alleles does not provide any indication of how the structure of one allele is 
representative of unknown alleles. The nature of alleles is that they are 
variant structures, and in the present state of the art the structure of one does 
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not provide guidance to the structure of others. The common attributes of 
the genus are not described. One of skill in the art would conclude that 
applicant was not in possession of the claimed genus because a description 
of only one member of this genus is not representative of the variants of the 
genus and is insufficient to support the claim. 

Claim 3: 

Claim 3 is drawn to the genus including all DNA alleles of SEQ ID 
NO: 1. The specification does not provide any particular definition for the 
term allele. In this circumstance, the meaning of the term is the ordinary 
usage in the art. The ordinary meaning of the term allele is one of two or 
more alternate forms of a gene occupying the same locus in a particular 
chromosome or linkage structure and differing from other alleles of the locus 
at one or more mutational sites. See, Rieger et al., Glossary of Genetics 
(1991), p. 16. The Rieger reference discloses that there are at least seven 
different kinds of allele in addition to the "strictly neutral" type discussed 
above for Claim 2. See, Rieger, pp. 16-17 (amorphs, hypomorphs, 
hypermorphs, antimorphs, neomorphs, isoalleles, and unstable alleles). The 
alleles are distinguished by the effect their different structures have on 
phenotype. According to Rieger, alleles may differ functionally according 
to their distinct structures. For example, they may differ in the amount of 
biological activity the protein product may have, may differ in the amount of 
protein produced, and may even differ in the kind of activity the protein 
product will have. 

The specification discloses only one allele within the scope of the 
genus: SEQ ID NO:l. The specification proposes to discover other 



43 



members of the genus by using a hybridization procedure. There is no 
description of the mutational sites that exist in nature, and there is no 
description of how the structure of SEQ ID NO: 1 relates to the structure of 
different alleles. In addition, according to the standard definition, the genus 
includes members that would be expected to have widely divergent 
functional properties. The general knowledge in the art concerning alleles 
does not provide any indication of how the structure of one allele is 
representative of other unknown alleles having concordant or discordant 
functions. The common attributes of the genus are not described and the 
identifying attributes of individual alleles, other than SEQ ID NO:l, are not 
described. The nature of alleles is that they are variant structures where the 
structure and function of one does not provide guidance to the structure and 
function of others. According to these facts, one of skill in the art would 
conclude that applicant was not in possession of the claimed genus because a 
description of only one member of this genus is not representative of the 
variants of the genus and is insufficient to support the claim. 

Conclusions: 

Claim 1: 

Claim 1 should not be rejected under the written description 
requirement. 

Claim 2: 

Claim 2 should be rejected under the written description requirement. 
An analysis similar to the one set forth above could be used. Since the 
Office has the burden of presenting evidence to support its position, see 
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MPEP 2163.04, a reference should be relied on as authority for the Office's 
interpretation of the claim term "allele." 

Claim 3: 

Claim 3 should be rejected under the written description requirement. 
An analysis similar to the one set forth above could be used. Since the 
Office has the burden of presenting evidence to support its position, see 
MPEP 2163.04, a reference should be relied on as authority for the Office's 
interpretation of the claim term "allele." 

For the rejections of claims 2 and 3, the Office interpretation of 
"allele" should be supported by a reference, rather than by taking "notice," 
because the interpretation is the principle evidence supporting the rejection. 
See MPEP 2144.03 (For further views on official notice, see In re Ahlert, 
424 F.2d 1088, 1091 165 USPQ 418, 420 - 421 (CCPA 1970) ("[Assertions 
of technical facts in areas of esoteric technology must always be supported 
by citation of some reference work" and "allegations concerning specific 
"knowledge' of the prior art, which might be peculiar to a particular art 
should also be supported." Furthermore the applicant must be given the 
opportunity to challenge the correctness of such assertions and allegations. 
"The facts so noticed serve to 'fill the gaps 1 which might exist in the 
evidentiary showing" and should not comprise the principle evidence upon 
which a rejection is based.); see also, In re Barr, 444 F.2d 588, 170 USPQ 
330 (CCPA 1971) (scientific journal references were not used as a basis for 
taking judicial notice that controverted phrases were art - recognized 
because the court was not sure that the meaning of the term at issue was 
indisputable among reasonable men); In re Eynde, 480 F.2d 470, 178 USPQ 
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470,474 (CCPA 1973) ("The facts constituting the state of the art are 
normally subject to the possibility of rational disagreement among 
reasonable men and are not amenable to the taking of [judicial] notice.").) 
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Example 12: Bioinformatics 



Specification: The specification discloses a process for identifying and 
selecting biological compounds that are present in a biological system in a 
tissue specific manner. In the disclosed process the expression level of a set 
of compounds is quantitatively determined in multiple tissues within an 
organism. The expression level data is then graphically displayed in such a 
manner that compounds that are differentially expressed are easily 
identified. An artisan interested in identifying a compound that is expressed 
at a high level in one tissue and at a different level in a second tissue may 
easily select compounds that are expressed in a tissue specific manner based 
on the displayed information. The specification indicates that the 
compounds to be detected encompass DNA, RNA and proteins as well as 
metabolites. The specification does not provide any particular examples, but 
discloses that the expression levels can be determined by any analytical 
method consistent with the class of compounds being detected. This type of 
measurement requires actual physical steps. 

Claim: 

A computer-implemented method of selecting tissue specific compounds, 
said method comprising the steps of: 

(a) analyzing the expression level of compounds in a first and second tissue 
and obtaining expression level data for each of said compounds; 

(b) inputting the expression level data obtained in step a) into a computer; 
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(c) displaying a first axis corresponding to the expression level of each of 
said compounds in said first tissue; 

(d) displaying a second axis substantially perpendicular to said first axis, said 
second axis corresponding to the expression level data of each of said 
compound in said second sample 

(e) displaying a mark at a position, wherein said position is selected relative 
to said first axis in accordance with an expression level of each of said 
compound in said first sample and relative to said second axis in 
accordance with the expression of said compound in said second sample; 
and 

(f) selecting a compound of interest based on the position of the mark. 
Analysis: 

A review of the full content of the specification indicates that 
obtaining, inputting, and displaying the expression level of compounds is 
essential to the operation of the claimed invention. 

A search of the prior art indicates that obtaining the expression level 
data of compounds is conventional in the art, and that data display devices 
and associated support algorithms are well known in the art. 

A review of the claim indicates that the claim is drawn to a generic 
environment for the display of compounds in a tissue specific manner. 

Since there is no species claimed or disclosed, the claim is analyzed as 
a claim drawn to a single embodiment. There is no actual reduction to 
practice of the claimed invention, or clear depiction of the claimed invention 
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in detailed drawings. However, reading the specification in light of the 
knowledge and level of skill in the art, the specification discloses the 
complete steps of the claimed process. See In re Haves Microcomputer 
Products Inc. Patent Litigation. 982 F2d. 1527, 1534-35, 25 USPQ2d 1241, 
1246 (Fed. Cir. 1992), where the court stated, 

One skilled in the art would know how to program a microprocessor 
to perform the necessary steps desired in the specification. Thus, an 
inventor is not required to describe every detail of his invention. An 
applicant's disclosure obligation varies according to the art to which 
the invention pertains. 

In this fact situation, the art is sufficiently developed so as to put one of skill 
in the art in possession of the complete steps of the process. In other words, 
one skilled in the relevant art would understand what is intended by the 
claimed invention and know how to carry it out. 

Conclusion: There is adequate written description for what is claimed. 
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Example 13: Protein Variant 

Specification: The specification describes a protein isolated from liver. A 
working example shows that the isolated protein was sequenced and 
determined to consist of SEQ ID NO: 3. The isolated protein was 
additionally characterized as being 65 kD in molecular weight and having 
tumor necrosis activity. The specification states that the invention provides 
variants of SEQ ID NO: 3 having one or more amino acid substitutions, 
deletions, insertions and/or additions. No further description of the variants 
is provided. The specification indicates that procedures for making proteins 
with substitutions, deletions, insertions and/or additions are routine in the 
art. The specification does not define when a protein ceases to be a variant 
ofSEQIDNO:3. 

Claims: 

1 . An isolated protein having SEQ ID NO: 3. 

2. An isolated variant of the protein of claim 1 . 
Analysis: 

Claim 1: 

A search of the prior art indicates that SEQ ID NO: 3 is novel and 
nonobvious. The claim is directed to a genus of proteins that comprise SEQ 
ID NO: 3. One member of the genus, SEQ ID NO: 3, is described by a 
complete structure. 
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There is relatively little variation among the species within the genus 
because each member of the genus shares SEQ ID NO: 3 as a necessary 
common feature. The single disclosed example is representative of the 
claimed genus because taken in view of the general knowledge in the art, the 
disclosure is sufficient to show that one of skill in the art would conclude 
that applicant was in possession of the claimed genus. 

Claim 2: 

This is a genus claim. According to the specification, the term variant 
means a protein having one or more amino acid substitutions, deletions, 
insertions and/or additions made to SEQ ID NO: 3. The specification and 
claim do not indicate what distinguishing attributes shared by the members 
of the genus. The specification and claim do not place any limit on the 
number of amino acid substitutions, deletions, insertions and/or additions 
that may be made to SEQ ID NO: 3. Thus, the scope of the claim includes 
numerous structural variants, and the genus is highly variant because a 
significant number of structural differences between genus members is 
permitted. Although the specification states that these types of changes are 
routinely done in the art, the specification and claim do not provide any 
guidance as to what changes should be made. Structural features that could 
distinguish compounds in the genus from others in the protein class are 
missing from the disclosure. No common structural attributes identify the 
members of the genus. The general knowledge and level of skill in the art 
do not supplement the omitted description because specific, not general, 
guidance is what is needed. Since the disclosure fails to describe the 
common attributes or characteristics that identify members of the genus, and 
because the genus is highly variant, SEQ ID NO: 3 alone is insufficient to 
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describe the genus. One of skill in the art would reasonably conclude that 
the disclosure fails to provide a representative number of species to describe 
the genus. Thus, applicant was not in possession of the claimed genus. 

Conclusions: 

Claim 1: 

The claimed subject matter is adequately described. A rejection under 
the written description requirement should not be entered. 

Claim 2: 

The claimed subject matter is not supported by an adequate written 
description because a representative number of species have not been 
described. A rejection under the written description requirement, relying on 
the analysis set out above, should be entered. 
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Example 14: Product by Function 



Specification: The specification exemplifies a protein isolated from liver 
that catalyzes the reaction of A— ► B. The isolated protein was sequenced 
and was determined to have the sequence as set forth in SEQ ID NO: 3. The 
specification also contemplates but does not exemplify variants of the 
protein wherein the variant can have any or all of the following: 
substitutions, deletions, insertions and additions. The specification indicates 
that procedures for making proteins with substitutions, deletions, insertions 
and additions is routine in the art and provides an assay for detecting the 
catalytic activity of the protein. 

Claim: 

A protein having SEQ ID NO: 3 and variants thereof that are at least 95% 
identical to SEQ ID NO: 3 and catalyze the reaction of A ^ B. 

Analysis: 

A review of the full content of the specification indicates that a 
protein having SEQ ID NO: 3 or variants having 95% identity to SEQ ID 
NO: 3 and having catalytic activity are essential to the operation of the 
claimed invention. The procedures for making variants of SEQ ID NO: 3 
are conventional in the art and an assay is described which will identify 
other proteins having the claimed catalytic activity. Moreover, procedures 
for making variants of SEQ ID NO: 3 which have 95% identity to SEQ ID 
NO: 3 and retain its activity are conventional in the art. 
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A review of the claim indicates that variants of SEQ ID NO: 3 include 
but are not limited to those variants of SEQ ID NO: 3 with substitutions, 
deletions, insertions and additions; but all variants must possess the specified 
catalytic activity and must have at least 95% identity to the SEQ ID NO: 3. 
Additionally, the claim is drawn to a protein which comprises SEQ ID NO: 
3 or a variant thereof that has 95% identity to SEQ ID NO: 3. In other 
words, the protein claimed may be larger than SEQ ID NO: 3 or its variant 
with 95% identity to SEQ ID NO: 3. It should be noted that "having" is 
open language, equivalent to "comprising". 

The claim has two different generic embodiments, the first being a 
protein which comprises SEQ ID NO: 3 and the second being variants of 
SEQ ID NO: 3. There is a single species disclosed, that species being SEQ 
ID NO: 3. 

A search of the prior art indicates that SEQ ID NO: 3 is novel and 
unobvious. 

There is actual reduction to practice of the single disclosed species. 
The specification indicates that the genus of proteins that must be variants of 
SEQ ID NO: 3 does not have substantial variation since all of the variants 
must possess the specified catalytic activity and must have at least 95% 
identity to the reference sequence, SEQ ID NO: 3. The single species 
disclosed is representative of the genus because all members have at least 
95% structural identity with the reference compound and because of the 
presence of an assay which applicant provided for identifying all of the at 
least 95% identical variants of SEQ ID NO: 3 which are capable of the 
specified catalytic activity. One of skill in the art would conclude that 
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applicant was in possession of the necessary common attributes possessed 
by the members of the genus. 

Conclusion: The disclosure meets the requirements of 35 USC §112 first 
paragraph as providing adequate written description for the claimed 
invention. 
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Example 15: Antisense 



Specification: The specification discloses a messenger RNA sequence, SEQ 
ID NO: 1, which encodes human growth hormone. The specification states 
that the invention includes antisense molecules that inhibit the production of 
human growth hormone. The specification describes an art-recognized 
method of screening for antisense molecules that is called "gene walking." 
Gene walking is said to involve obtaining antisense oligonucleotides that are 
complementary to the target sequence. 

Claim: 

An antisense oligonucleotide complementary to a messenger RNA having 
SEQ ID NO: 1 and encoding human growth hormone, wherein said 
oligonucleotide inhibits the production of human growth hormone. 

Analysis: 

A review of the full content of the specification indicates that the 
complement of SEQ ID NO: 1 is essential to the operation of the claimed 
invention. The general knowledge in the art is that any full-length 
complement of a target mRNA inhibits the function of the mRNA and is 
therefore an antisense oligonucleotide. Thus, one of skill in the art would 
view applicant's disclosure of a coding sequence, with the statement that the 
invention includes antisense oligonucleotides, as an implicit disclosure that 
the full-length complement of SEQ ID NO: 1 is an antisense 
oligonucleotide. 
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It is generally accepted in the art that oligonucleotides complementary 
to a messenger RNA, including fragments of the full-length complement, 
have antisense activity when they match accessible regions on the target 
mRNA. Generally, the closer the complementary fragment is to full length, 
the greater the likelihood it will have antisense activity. In addition, oligos 
that retain complementarity to the Shine-Delgarno sequence usually have 
antisense activity. 

The claim is drawn to the genus of antisense molecules that inhibit the 
production of human growth hormone encoded by SEQ ID NO: 1. There is 
a single species described with a complete structure, i.e., the full-length 
complement of SEQ ID NO: 1. In addition to the full-length complement, 
the genus includes fragments of the complement that retain antisense 
activity. 

The procedures for making oligonucleotide fragments of the SEQ ID 
NO: 1 complement are conventional, e.g., any specified fragment can be 
ordered from a commercial synthesizing service. The procedures for 
screening for antisense activity are also conventional, and the specification 
describes the assay needed to do gene walking. The experience accumulated 
in the art with gene walking is that numerous regions of a target are 
accessible, that these regions are identified routinely, and that antisense 
oligonucleotides are complementary to these accessible regions. The full- 
length complement and longer fragments match multiple accessible regions; 
shorter fragments match fewer accessible regions. 

When considering the distinguishing characteristics of the claimed 
invention, the sequence provided in the specification defines and limits the 
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structure of any effective antisense molecules. The specification also 
teaches the functional characteristics of the claimed invention as well as a 
routine art recognized method of making and screening for the claimed 
invention. Considering the specification's disclosure of: 

(1) the sequence (SEQ ID NO: 1) which defines and limits the 
structure of any effective antisense molecules such that one skilled in the art 
would be able to immediately envisage members of the genus embraced by 
the claim, and 

(2) the functional characteristics of the claimed invention as well as a 
routine art-recognized method of screening for antisense molecules which 
provide further distinguishing characteristics of the claimed invention, along 
with 

(3) the general level of knowledge and skill in the art, 

one skilled in the art would conclude that applicant was in possession of the 
invention. 

Conclusion: The claimed invention is adequately described. 
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Example 16: Antibodies 

Specification: The specification teaches that antigen X has been isolated 
and is useful for detection of HIV infections. The specification teaches 
antigen X as purified by gel filtration and provides characterization of the 
antigen as having a molecular weight of 55 KD. The specification also 
provides a clear protocol by which antigen X was isolated. The specification 
contemplates but does not teach in an example antibodies which specifically 
bind to antigen X and asserts that these antibodies can be used in 
immunoassays to detect HIV. The general knowledge in the art is such that 
antibodies are structurally well characterized. It is well known that all 
mammals produce antibodies and they exist in five isotypes, IgM, IgG, IgD, 
IgA and IgE. Antibodies contain an effector portion which is the constant 
region and a variable region that contains the antigen binding sites in the 
form of complementarity determining regions and the framework regions. 
The sequences of constant regions as well as the variable regions subgroups 
(framework regions) from a variety of species are known and published in 
the art. It is also well known that antibodies can be made against virtually 
any protein. 

Claim: An isolated antibody capable of binding to antigen X. 
Analysis: 

A review of the full content of the specification indicates that 
antibodies which bind to antigen X are essential to the operation of the 
claimed invention. The level of skill and knowledge in the art of antibodies 
at the time of filing was such that production of antibodies against a well- 
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characterized antigen was conventional. This is a mature technology where 
the level of skill is high and advanced. 

The claim is directed to any antibody which is capable of binding to 
antigen X. 

A search of the prior art indicates that antigen X is novel and 
unobvious. 

Considering the routine art-recognized method of making antibodies 
to fully characterized antigens, the well defined structural characteristics for 
the five classes of antibody, the functional characteristics of antibody 
binding, and the fact that the antibody technology is well developed and 
mature, one of skill in the art would have recognized that the spectrum of 
antibodies which bind to antigen X were implicitly disclosed as a result of 
the isolation of antigen X. 

Conclusion: The disclosure meets the requirement under 35 USC 112 first 
paragraph as providing an adequate written description of the claimed 
invention. 



60 



Example 17: Genus-species with widely varying species 

Specification: The specification discloses the rat cDNA sequences for 
proinsulin and pre-proinsulin and a method for determining the 
corresponding human and other mammalian insulin cDNA sequences. 
However, the specification does not disclose any actual cDNA sequence 
other than the rat proinsulin and pre-proinsulin sequence. The specification 
discloses that one human proinsulin amino acid (but not cDNA) sequence 
was known at the time of filing. The art recognized that the sequence of 
human insulin proteins, and therefore also cDNAs, would probably vary 
among individuals. The specification also discloses that pre-proinsulin is 
post translationally modified to form proinsulin, and that proinsulin is 
cleaved to form insulin. 

Claims: 

Claim 1. An isolated mammalian cDNA encoding insulin. 

Claim 2. The isolated cDNA of claim 1 wherein the mammalian cDNA is 
human. 

Analysis: The examiner should analyze claim 2 first because it is drawn to 
a subgenus of the genus of claim 1. 
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Claim 2: 



A review of the full content of the specification indicates that human 
cDNA molecules that encode insulin are essential to the operation/function 
of the invention. 

Claim 2 is directed to a genus of human cDNA which encodes insulin. 

There is no species of human insulin cDNA disclosed. 

Based upon art published after applicant's filing date there is expected 
to be variation among the species of cDNA which encode human insulin 
because the sequence of human insulin proteins, and therefore also human 
insulin cDNAs, would be expected to vary among individuals. 

The specification discloses only the sequence of a single human 
proinsulin protein, and does not disclose any human cDNA sequence at all. 

In addition, there is no evidence on the record of a relationship 
between the structure of rat insulin cDNA and the structure of insulin 
cDNAs from humans or other mammals that would provide any reliable 
information about the structure of other insulin cDNAs on the basis of the rat 
insulin cDNA. 

There is no evidence on the record that the disclosed rat cDNA 
proinsulin sequence had a known structural relationship to the human cDNA 
sequence, or to other mammalian cDNA sequences; the specification 
discloses only a single human proinsulin (protein) sequence; the art 
indicated that human proinsulin proteins were expected to be variable in 
structure; and there is expected to be variation among human cDNAs that 
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encode a given human proinsulin. In view of the these considerations, a 
person of skill in the art would not have viewed the teachings of the 
specification as sufficient to show that the applicant was in possession of the 
claimed human cDNA. 

Claim 1: 

Claim 1 is directed to a genus of mammalian cDNAs which encode 
insulin. The specification evidences actual reduction to practice of the rat 
cDNA sequences for proinsulin and preproinsulin, but does not disclose any 
other cDNA sequences. The art indicates that there is likely to be substantial 
variation among the species within the genus of cDNAs that encode 
mammalian insulins because the sequences of the mammalian insulin 
proteins, and therefore the mammalian cDNAs, would be expected to vary 
among species. 

The specification discloses a method for determining the 
corresponding human and other mammalian insulin cDNA sequences as well 
as the function of the claimed sequences. However, neither the specification 
nor the general knowledge of those skilled in the art provide evidence of any 
partial structure which would be expected to be common to the members of 
the genus. Moreover, there is post filing date evidence that indicates that 
there is a lack of a structural relationship between the rat insulin cDNA 
sequences and other mammalian insulin cDNA sequences. In view of the 
above considerations one of skill in the art would not recognize that 
applicant was in possession of the necessary common features or attributes 
possessed by members of the genus, because rat cDNA sequences are not 
representative of the claimed genus. Consequently, since applicant was in 
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possession only of the rat insulin cDNA and since the art recognized 
variation among the species of the genus of cDNAs that encode mammalian 
insulin, the rat insulin cDNA was not representative of the claimed genus. 
Therefore, the applicant was not in possession of the genus of mammalian 
insulin cDNAs as encompassed by claim 1. 

Conclusion: 

Claims 1 and 2 do not meet the written description requirement. 
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Example 18: Process claim where the novelty is in the method steps. 

Specification: The specification teaches a method for producing proteins 
using mitochondria from the fungus Neurospora crassa. In the method, 
mitochondria are isolated from this fungus and transformed with a 
mitochondrial expression vector which comprises a nucleic acid encoding a 
protein of interest. The protein is subsequently expressed, the mitochondria 
is lysed, and the protein is isolated. The specification exemplifies the 
expression of P-galactosidase using the claimed method using a cytochrome 
oxidase promoter. 

Claim: 

1. A method of producing a protein of interest comprising; 
obtaining Neurospora crassa mitochondria, 

transforming said mitochondria with a expression vector comprising a 
nucleic acid that encodes said protein of interest, 

expressing said protein in said mitochondria, and 

recovering said protein of interest. 

Analysis: 

A review of the specification reveals that Neurospora crassa 
mitochondrial gene expression is essential to the function/operation of the 
claimed invention. A particular nucleic acid is not essential to the claimed 
invention. 

A search of the prior art reveals that the claimed method of expression 
in Neurospora crassa is novel and unobvious. 
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The claim is drawn to a genus, i.e., any of a variety of methods that 
can be used for expressing protein in the mitochondria. 

There is actual reduction to practice of a single embodiment, i.e., the 
expression of p-galactosidase. 

The art indicates that there is no substantial variation within the genus 
because there are a limited number of ways to practice the process steps of 
the claimed invention. 

The single embodiment is representative of the genus based on the 
disclosure of Neurospora crassa mitochondria as a gene expression system, 
considered along with the level of skill and knowledge in the gene 
expression art. One of skill in the art would recognize that applicant was in 
possession of all of the various expression methods necessary to practice the 
claimed invention. 

Conclusion: 

The claimed invention is adequately described. 
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Mutagenesis of proteins is of paramount importance 
for understanding the relationship of protein structure 
to function. The functional and structural roles of 
amino acid residues in a protein of interest can be stud- 
ied by comparing the mutant protein carrying changes 
in amino acid residues to the wild-type protein. To ob- 
tain samples of a specific mutant protein, the mutant 
gene must be isolated or created. Before the era of site- 
directed mutagenesis (SDM), 2 the only way to obtain a 
mutation was to isolate naturally occurring mutants 
with phenotypic or selective screening. Because the 
rate of naturally occurring errors in DNA synthesis is 
very low, such screening was usually done after treat- 
ment with mutagenic agents. Moreover, even if a 
screening test was availably isolation of mutants that 
are lethal or that do not produce observable changes 
in phenotype was not possible (1). In this procedure, 
also, the position and the type of mutations in the mu- 
tants obtained were often distributed randomly in the 
gene of interest, which may not have been what the 
researcher desired. 
Mutagenesis, now achieved by either polymerase 
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dressed. Present address: The Protein Engineering Department, 
Spectral Diagnostics inc., 135-2 The West Mall, Toronto, Ontario, 
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2 Abbreviations used: SDM. site-directed mutagenesis; REM, ran- 
dom and extensive mutagenesis; PCR, polymeraBe chain reaction; 
UDG, uracil DNA N-glycosylase; DMSO, dimethyl sulfoxide; LCK, 
ligase chain reaction; USE. unique site elimination; hp, base pairts); 
Taq-Taq Pfu-Pfu, and Vent-Vent, DNA polymerases; dl, deoxyinos- 
ine phosphoramidite, monophosphate; dlTP-deoxyinosme triphos- 
phate- dATP, dCTP, dGTP, or dTTP-deoxyadenosine, deoxycytosine, 
deoxy^uanosine, or deoxythymine triphosphate; dNTP-dATP, dCTP, 
dGTP, and/or dTTP. 
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chain reaction (PCR) or non-PCR has revolutionized 
the means by which mutants are obtained (2, 3). Muta- 
tions can now be created precisely at a specific residue 
with a specific codon change to produce the desired 
amino acid substitution (SDM), which has allowed al- 
teration of any amino acid residue in a protein without 
extensive screening. Thus, the SDM approach is much 
more efficient, yielding desired mutations in 50- 100 io 
of the molecules produced, than that of phenotypic 
screening When a set of random mutations over 

a region or the entirety of a gene is desired, the ap- 
proach of random and extensive mutagenesis (REM, 
also known as targeted random, region-specific, or li- 
brary mutagenesis) has been developed, and has been 
improved greatly in recent years. The introduction of 
PCR has made both DNA synthesis and DNA mutagen- 
esis very efficient processes, compared to that using 
the thermolabile polymerase and the single-stranded 
DNA as the template (non-PCR). 

In recent years, advances in mutagenesis methods 
have made mutagenesis technology on the whole ex- 
ceedingly complex. Here we review some of the newer 
approaches to in vitro DNA mutagenesis methods in 
both the PCR and the non-PCR categories. In addition, 
eome of the in vivo DNA mutagenesis methods are 
briefly described. The applications of these methods in 
SDM REM, scanning mutation, and deletion have been 
discussed. This review is intended to guide investiga- 
tors novice and experienced alike, in selecting DNA 
mutagenesis protocols according to their needs. 

BASIC PROCEDURES OF DNA MUTAGENESIS 

To mutagenize a gene is to synthesize enzymatically 
a new DNA, while in the meantime incorporating the 
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desired mutations into this newly synthesized DNA. 
Other than attempting to introduce mutations into the 
product, the methods or protocols for DNA mutagenesis 
are essentially the same as those for DNA synthesis or 
for other molecular biological manipulations, such as 
cloning, sequencing, and probe labeling. 

Three essential components are required in an in 
vitro DNA synthesis reaction: the template, the primer, 
and the four dNTPs, i.e., dATP, dCTP, dGTP, dTTP, in 
the presence of the enzyme, the DNA polymerase. In 
in vitro DNA synthesis, as in vivo, the DNA is semicon- 
servatively synthesized as a single strand, incorporat- 
ing the building blocks, dNTPs, based on base-pairing, 
i.e., G with C and A with T, with the template strand. 
In vitro, a short single-stranded DNA, referred to as a 
primer, is always required to be annealed to the tem- 
plate strand DNA to initiate the new DNA strand syn- 
thesis. Thus, dNTPs are always added, base by base, to 
the 3 '-end of the primer; thus, in vitro DNA synthesis is 
often referred to as the primer extension. The template 
DNA, whether double-stranded or single-stranded, pro- 
vides the existing strand to synthesize a second, new 
strand of DNA. For this reason, the product of DNA 
synthesis by the enzymatic reaction is always double- 
stranded DNA, made of the original (template) strand 
and the new (product) strand. Buffers and various 
other conditions are also important to ensure the suc- 
cess and the fidelity of DNA synthesis. 

There are two types of in vitro DNA synthesis mod- 
ules: the thermostable polymerase-based PCR and the 
thermolabile polymerase-based non-PCR. Accordingly, 
the DNA mutagenesis methods can be classified into 
the thermostable polymerase PCR and the thermola- 
bile polymerase non-PCR, in addition to the in vivo 
DNA mutagenesis methods. 

Thermostable DNA Polymerase-Based PCR 

PCR involves in vitro synthesis of a DNA product, 
the two ends of which are defined by the positions of 
the two designed primers. As described above, DNA 
synthesis in vitro always requires an oligonucleotide 
primer, usually 20-30 bp in length, complementary to 
the template. These primers can be synthesized chemi- 
cally exactly according to the designed sequence. Since 
a small number of mismatches, e.g., 1-3 bp, are tolera- 
ble for primer binding to the template, mismatches can 
be incorporated as mutations precisely in the newly 
synthesized DNA. Other than mismatches introduced 
through the primer, the mutant DNA is reproduced 
exactly according to the wild-type DNA template. Be- 
cause of its simplicity, the primer has become a conve- 
nient source for introducing mutations (for reviews, see 
2, 3, 100J. PCR undergoes multiple heating and/or cool- 
ing cycles (average 30 cycles), each having three 
phases: denaturation at about 95°C, annealing at about 



55°C, and extension at about 72°C. At the denaturation 
phase, the template is denatured so that the two 
strands are separated, to allow the primers to bind or 
anneal to them. At the annealing phase, the two prim- 
ers are annealed to one strand each. At the extension 
phase, the annealed primers are then extended ac- 
cording to the template strands. Many cycles are then 
repeated in a such way. Thus both the original tem- 
plates and their products, which predominate after sev- 
eral cycles over the original templates, become further 
templates for subsequent rounds of DNA synthesis. In 
this way, templates are amplified exponentially by 
around 2 20 -fold (13) to yield linear double-stranded mu- 
tant PCR products. PCR DNA synthesis is thus often 
called the amplification of the template DNA. Since 
thermostable DNA polymerases (usually Taq DNA 
polymerase) remain active throughout the high-tem- 
perature cycling, they need only be added once, at the 
beginning of the multiple cycles. 

Usually, a mutant gene fragment or an entire mu- 
tant gene is produced by the PCR. A mutant fragment 
can then be used to replace the wild-type gene fragment 
in a plasmid or an entire mutant gene can be subcloned 
into a vector, for mutant screening and characteriza- 
tion. Thus, most often the subcloning is required, ex- 
cept that in the case of the inverse PCR, an entire 
linear mutant plasmid can be produced and then sim- 
ply can be circularized. 

Templates 

The template DNA used for the PCR can be double- 
stranded or single-stranded, circular or linear. For the 
single-stranded template, in the first cycle only one of 
the two primers binds to this single strand and gets 
extended to form the double stranded-DNA template 
for the subsequent cycles. However, double-stranded 
plasmid DNAs have become favored for thermostable 
polymerase-based PCR DNA synthesis for several rea- 
sons. In comparison to single-stranded DNAs, double- 
stranded DNAs are easier to prepare. Also, gene inserts 
are in general more stable with double-stranded DNAs. 
Mutagenesis efficiency (50- 100%) is similar for double- 
stranded and single-stranded templates. This trend 
has been reflected by the fact that the most recent com- 
mercial kits are based on double-stranded templates 
(Table 1). 

Primer I Template Annealing 

To ensure successful DNA mutagenesis, general 
rules for designing a good primer should be followed. 
Particularly, a primer for DNA synthesis should be free 
of strong secondary structures, such as hairpins, stem- 
loops, or direct repeats. Mismatches in general should 
be placed in the middle of a primer rather than at the 
5'- terminus, although with some methods, such as the 
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TABLE 1 






A Survey of Available Commercial Kits for SDM 




Company, kit 


Year 


Method 


Reference 




I. Kits for single-stranded templates 




Bio-Rad, MutaGene II 


1991 


dUTPase selection 


(148) 


USB, T7-GEN 


1991 


Methyl-dCTP 


(147) 


Amersharn, Sculptor 


1994 


Phosphorothioate analogue 


(146) 




II. Kits for double-stranded templates 




Stratagene, DoubleTake 


1992 


Solid-phase strand separation 


(48) 


Clontech, Transformer 


1994 


Unique site elimination 


(U) 


GIBCO-BRL, PCR SDM 


1994 


PCR and UDG cloning 


(23) 


New England Biolabs, Code20 


1994 


Unique site near the mugenesis site 


1174) 


Pharmacia Biotech, USE 


1994 


Unique site elimination 


Ul) 


Promega, Altered Sites II 


1994 


Antibiotic resistance repairment 


1140) 


Stratagene, Chameleon 


1994 


Unique site elimination 


111) 


Stratagene, ExSite 


1995 


Inverse PCR 


190") 



inverse PCR and the ligation PCR (will be described 
later), it is preferable to place the mutation at the 5'- 
termini of the primers. Mismatches at the 3' -terminus 
of a primer generally affect the rates of DNA synthesis, 
although exceptions have been reported (77). 

To hybridize the mutagenic primer correctly and suf- 
ficiently to its template, the annealing temperature 
should be chosen carefully. In general, the annealing 
temperature is chosen to be a few degrees below the 
melting temperature (T m> the temperature at which 
half of the oligonucleotides are annealed to templates) 
of an oligonucleotide. Without any mismatches, the 
melting temperature in degrees Celsius is estimated 
(98) simply as follows: T m = 4 x (number of G and C 
bases) + 2x (number of A and T bases). With mis- 
matches, the annealing temperature should be reduced 
further according to the number of mismatches in the 
primer. Alternatively, the minimal magnesium concen- 
tration should be increased from 1.5 mM for a perfect 
match to 2.0 mM for 1 mismatch in a 23-bp oligonucleo- 
tide (1/23 mismatch length) (99). When a mismatch is 
2 bp in a 24-bp oligonucleotide, Mg concentration 
should be increased to 3 mM; for a 9-bp mismatch in 
a 41-bp oligonucleotide, it should be increased to 4 mM. 

Areas of Concern on PCR with Recommended 
Resolutions 

PCR was applied to DNA mutagenesis almost imme- 
diately after its inception in 1985, and has become a 
very useful method for DNA mutagenesis. Several 
areas of concern, together with suggested methods of 
resolution, are discussed below, 

Increasing the sequence fidelity of PCR products. 
Similar to the DNA synthesis by PCR, the main draw- 



back of using PCR for DNA mutagenesis is the rela- 
tively high rate of sequence errors in PCR products, 
often creating undesired mutations in addition to in- 
tended ones. Taq, the most widely used thermostable 
polymerase, lacks the 3 '-5' exonuclease activity that 
"proofreads" any errors caused by 5 '-3' DNA poly- 
merase during DNA synthesis. Amplification through 
many cycles therefore accumulates errors. Two other 
polymerases, Pfu and Vent, which carry 3 '-5' exo- 
nuclease activity, have been shown to provide 6-15 
times the sequence fidelity of Taq (14-16). Thus, 
since their introduction, Pfu and Vent have been pre- 
ferred for PCR-based DNA site-directed mutagenesis 
(17-19). When Taq was combined with even a small 
amount of Pfu or Vent, the fidelity increased about 
twofold, presumably because of the introduction of 
proofreading ability (16, 20, 21). 

The concentrations of magnesium ions, dNTP, and 
pH may also affect sequence fidelity (16). The number 
of cycles can be reduced to achieve high fidelity, al- 
though this decreases the final amount of PCR prod- 
ucts. This paradox can be solved by using larger 
amounts of methylated templates, which are readily 
removed after PCR by digestion with Dpnl, a frequent- 
cutting used restriction enzyme which cleaves only 
methylated DNAs (22-25). Thus the use of a large 
amount of template makes it possible to amplify a large 
amount of products in a small number of cycles. 

Increasing the size and yield of PCR products. Until 
recently, only products smaller than 3 kb could be am- 
plified routinely by PCR. Longer products are often 
needed in experiments involving DNA mutagenesis 
(24), To obtain long PCR products, several factors must 
be optimized. For example, shorter denaturation time, 
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smaller reaction volume, longer extension time, and 
different buffer compositions (e.g., high pH, additional 
denaturants) are often used (26-29). 

More recently, a small amount of 3 '-5' exonuclease 
(Pfu or Vent), used as a secondary enzyme in addition 
to Tag as the main enzyme, has been shown to increase 
the size of PCR products (20). This improvement is 
attributed to the ability of 3 '-5' exonuclease to correct 
Tog-induced sequence errors, which are thought to 
stall further amplification of large products (20). On 
the other hand, when Pfu or Vent was used alone with- 
out Taq, neither could support the amplification of long 
PCR products (20, 30). This may be the result of their 
3 '-5' exonuclease activity being higher than their 5'- 
3 ' polymerase activity. Therefore, the use of Taq and 
Pfu in the optimal combination is ideal for producing 
large mutant DNAs (19, 31). Mammalian genomic 
DNAs as large as 22 kb and phage \-DNAs as large 
as 42 kb have been amplified successfully with this 
improved technique (20, 29). Kits for long PCR products 
are now commercially available from several sources. 

Amplifying DNAs with secondary structures or GC- 
rich regions. Problems with secondary structures and 
GC-rich regions in DNA templates usually are reme- 
died effectively with the use of PCR, which uses tem- 
peratures higher than those used in the thermolabile 
polymerase method, performed at 37°C. However, 
sometimes strong secondary structures or high GC-rich 
regions can remain in template DNAs even at tempera- 
tures employed in a PCR. Relevant to this problem, 
alkaline and heat denaturation before PCR can signifi- 
cantly improve the amplification of these DNAs (32, 
33). "Hot PCR," in which the routine annealing temper- 
ature is increased from 55 to 65-72°C, is also useful 
in overcoming impediments caused by secondary struc- 
tures or GC-rich regions (31, 34). In addition, denatur- 
ants (1-20% DMSO, 5-15% glycerol, 5-20% for- 
mamide, Tween-20, and NP-40) (34-38), T4 gene 32 
protein (38), and Escherichia coli single-stranded 
DNA-binding protein (7) are helpful in amplifying 
such difficult DNAs. Similarly, tetramethylammonium 
chloride at 0.01-0.1 mM (39) or 10-120 mM (40) is 
effective in facilitating the amplification of difficult 
DNAs. Moreover, nucleotide analogs, 7-deaza-2'-deox- 
yguanosine triphosphate (41) or deoxyinosine triphos- 
phate (42), can be incorporated into secondary struc- 
tures or GC-rich regions to weaken the bonding 
between G and C bases. 

Longer extension time is also beneficial for amplifi- 
cation of difficult DNAs (43). Presumably, the rate of 
DNA synthesis is lower at GC-rich regions or secondary 
structures. Finally, Vent and Pfu seem to be more capa- 
ble of amplifying DNAs containing GC-rich regions or 
secondary structures than Taq (37, 43 and our own 
observation), although the mechanism is not clear. 



Thermolabile Polymerase-Based Non-PCR 

In thermolabile DNA polymerase-based DNA syn- 
thesis, the DNA template is denatured with alkali and/ 
or heat and annealed with the primer at the room tem- 
perature. Usually, one primer is used in the thermola- 
bile polymerase-based non-PCR methods and muta- 
tions are introduced through mismatches in the 
mutagenic primer. DNA templates can be single- 
stranded or double-stranded, although single-stranded 
templates are preferred in this method. In the case of 
double-stranded DNA, only one strand bound with the 
primer is used as the template strand and the other 
strand is not used at all. DNA synthesis is then carried 
out at 37°C with thermolabile polymerases, which 
would become inactivated at higher temperatures and 
thus are called thermolabile enzymes. Nucleotide bases 
are added to the 3 '-end of the primer according to base- 
pairing with the template. Consequently, a single- 
stranded DNA, still linear, complementary to the tem- 
plate strand, circular, is produced (2). This product is 
then circularized. Thus the product of this type of DNA 
synthesis is a hybrid DNA duplex carrying one tem- 
plate strand and one newly synthesized mutant strand. 
This hybrid is then used to transform (for plasmid or 
phagemid hybrids) or infect (for phage hybrids) E. coli 
to segregate mutant DNAs from wild-type DNAs. If 
M13 phage mutants are obtained, they are subcloned 
into a double- stranded expression vector for protein 
studies. Because there is only one round of DNA syn- 
thesis, there is no amplification of the template. In ad- 
dition, when denatured double-stranded DNA is used 
as the template, only one of the two strands is actually 
used for the synthesis of the mutant strand. 

Templates 

With thermolabile polymerases, mutant DNAs are 
synthesized more readily with a single-stranded than 
a double-stranded template, since two denatured com* 
plementary template strands of DNAs may quickly re- 
anneal at 37°C, interfering with the primer annealing 
with the template strand. 

To prepare single-stranded DNAs as templates, often 
a gene is cloned into an M13 phage vector or a 
phagemid vector, which contains an M13 or a fl replica- 
tion origin, respectively (44). This preparation is time- 
consuming. Also, larger DNA gene inserts tend to be 
spontaneously deleted from the M13 phage vector dur- 
ing the process of the preparation (45), although long 
inserts in this type of vectors have also been success- 
fully mutageirized. The single-stranded DNAs obtained 
are then used as templates to synthesize a mutant 
strand, directed by a mutagenic primer. 

Alternatively, single-stranded linear DNA templates 
can be prepared from linear double-stranded plasmid 
DNAs or from PCR products that are always linear (46). 
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The two strands are separated from each other by the 
biotinylation of one strand (47). This biotinylated single- 
stranded DNA can then be used as the template for muta- 
genesis. For example, Weiner and colleagues (48) used 
such a template to synthesize a portion of a new strand 
with a mutagenic primer; the remaining portion was syn- 
thesized with an upstream primer. These two portions 
were then ligated. The resulting complete linear mutant 
strand was then separated from the biotinylated wild- 
type strand and retircularized. This circularization was 
aided by a bridging oligonucleotide binding to the two 
ends. The second mutant strand was then used to form 
the double-stranded mutant DNA. Although the steps 
are multiple, this approach avoids the problems or incon- 
venience of M13 phage or phagemid vectors. A kit is also 
available (Table 1). 

Single-stranded linear DNAs can also be obtained 
from double-stranded DNAs by an asymmetric PCR— 
a PCR in which only one primer, rather than two, is 
used; thus, only one strand is linearly amplified. Some- 
times, one primer is used at a concentration much 
higher than that of the other primer to produce mostly 
assymetric products along with a small amount of dou- 
ble-stranded products. This type of template has al- 
lowed mutagenesis of relatively large mutant DNAs 
(0.5 and 1.1 kb) (49, 50). 

Thermolabile Enzymes 

Escherichia coli DNA polymerase, a 5 '-3' polymer- 
ase, was the enzyme first used in the thermolabile poly- 
merase-based DNA synthesis. However, this polymer- 
ase is also active in other ways, having 5'-3' 
exonuclease activity and strand-displacement (heli- 
case) activity as well. These two additional activities 
are undesirable in DNA mutagenesis procedures: mis- 
matches introduced by the mutagenic primer can be 
removed by 5'-3' exonuclease activity, and newly syn- 
thesized DNA containing mutations can be displaced 
by wild-type DNAs by strand-displacement activity. 
Klenow, a proteolytic fragment of E. coZt DNA polymer- 
ase, is more efficient for DNA mutagenesis, since it does 
not possess 5'-3' exonuclease activity; nonetheless, it 
does retain strand-displacement activity. 

In recent years, phage-derived enzymes, i.e., T4 DNA 
polymerase, T7 DNA polymerase and sequenases (de- 
rived from T7 DNA polymerase without the native 3 ' -5' 
exonuclease activity), have become the most frequently 
used enzymes for DNA mutagenesis, since they do not 
carry either extra activity. 

Primer I Template Annealing 

The general rules for the designing of primers men* 
tioned in the PCR section should be followed. In addi- 
tion, the non-PCR method requires a good region of 
match at each end, usually 10-15 bases. When the 5'- 



terminus of a primer has a strong anchorage to its 
template, the strand displacement caused by Klenow 
or other enzymes will be minimized (10). 

Adequate and correct annealing of templates and mu- 
tagenic primers is crucial for the synthesis of mutant 
DNAs. In the thermolabile porymerase-based non-PCR, 
the DNA template and the primer are encouraged to an- 
neal with each other through a continuous or stepwise 
decrease in incubation temperature to below the esti- 
mated melting temperature, which is often room temper- 
ature. Additional cooling of the DNA template and primer 
complex on ice improves subsequent DNA synthesis (8, 
10). When DNA templates were initially denatured by 
boiling, the snap-cooling of denatured templates on ice 
was shown to produce a better yield of mutant DNAs 
than the stepwise cooling to 25°C and then to 4°C (11). 

When relatively long primers (for example, as re- 
quired by deletion or insertion mutagenesis) are used 
for DNA synthesis with a thermolabile enzyme at 37°C, 
these primers may bind to incorrect regions of the tem- 
plate, and thus not produce the DNA products in- 
tended. To avoid such mis-priming, Hofer and Kuhlein 
(12) added Klenow at 65°C to the annealed template 
and primer complex and allowed the DNA synthesis 
reaction to proceed for 5 min at this higher temperature 
before cooling it to 37X and adding more Klenow. The 
correct mutant DNA was obtained by this unusual 
treatment. Presumably at 65°C, residual activity of 
Klenow was present, which correctly extended and 
locked the primer onto the template, DNA synthesis 
then continued successfully at 37°C. 

Secondary Structures and GC-Rich Regions 

In the thermolabile polymerase-based non-PCR, alkali 
and/or heat denaturatdon are used to separate two 
strands in order to allow binding of the primer and to 
destroy the local conformation of each strand, so that the 
DNA synthesis can proceed. DNA regions that are rich in 
guanine (G) and cytosine (C) may hinder the separation of 
the two strands, whereas secondary structures may slow 
down or stop DNA synthesis. This type of structure is 
particularly abundant in mammalian and viral DNAs, 
and may even exist in DNA vectors, e.g., pBluescript. In 
one study, no mutant DNAs were produced until the 
same insert was switched from a pBluescript into a 
pUC18 vector (4). Such complex structural conformations 
thus can be an impediment to efficient DNA mutagenesis 
using thermolabile polymerases. 

Among thermolabile enzymes, T7 DNA polymerase 
is more capable of overcoming secondary structures 
than T4 DNA polymerase (Bio-Rad Technical Bulletin 
1625; 5). Sequenase version 2, derived from T7 DNA 
polymerase, produces two to five times as much mutant 
DNA as T4 DNA polymerase does in parallel experi- 
ments (5). Klenow, however, with its strand-displace- 
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TABLE 2 

Comparison of Two Types of in Vitro DNA Synthesis Used in Mutagenesis 



PCR 



Non-PCR 



Reaction temperature/duration 



Strands synthesized 
DNA polymerase 

Primers required 

Fold of amplification 
Product synthesized 



Sequence fidelity 
Hindrance due to secondary 

structure GC-rich region 
Cloning 



Cyclic, typically 30 cycles of denaturation (94°C, 
1 min), annealing (55*C, 1 min), extension 
(72°C, 1 rain) 

Two strands 

Thermostable, such as Taq and Pfu 

At least two, sometimes more, one of the two 
may be mutagenic 

Shorter, linear double-stranded DNAs, usually 
containing only the coding region of a gene 

Relatively low 
Not likely 

Inserted into a vector by ligation 



Constant at 37°C for 1 h 



Only one strand 

Thermolabile, such as Klenow. T4 DNA 

polymerase 
Usually just one as the mutagenic primer, 

sometimes an extra one as the selection primer 
<1 

Longer, hybrid plasmid, phage or phagemid DNAs 
carrying linear mutant strand and circular 
wild-type strand 

Relatively high 

Likely 

Circularized by ligation 



ment activity, is more capable of overcoming certain 
secondary structure problems than T7 DNA polymer- 
ases or sequena&es (6). Additives such as E. coli single- 
stranded DNA-binding protein can be employed to 
overcome secondary structure problems (7). DMSO (8) 
and certain weak base-pairing deoxyguanosine or deox- 
ycytosine analogs, used in DNA sequencing to over- 
come the so-called compression problem caused by sec- 
ondary structures, may also be used to alleviate 
secondary structures in DNA mutagenesis (9). 

In summary of the basic procedures of DNA synthe- 
sis or DNA mutagenesis, a comparison of various as- 
pects of the thermostable polymerase-based PCR and 
the thermolabile polymerase-based non-PCR are listed 
in Table 2. Novice readers are advised to consult addi- 
tional references (86, 13). In addition to the in vitro 
DNA synthesis (PCR and non-PCR), the in vivo DNA 
mutagenesis methods will also be described briefly in 
the subsequent section. Basically, the various methods 
or protocols for in vitro (PCR or non-PCR) and in vivo 
DNA mutagenesis are assembled by manipulating the 
DNA templates, the primers, the synthesis materials 
(dNTP), or the synthesis conditions to meet different 
kinds of mutagenesis needs, such as SDM, REM, dele- 
tion and nested deletion, insertion, and scanning muta- 
tions. To generate a mutant DNA, in some cases both 
in vivo and 'in vitro methods, or both thermostable pply- 
merase-based PCR and the thermolabile polymerase- 
based non-PCR methods, are used in the protocol, thus 
making the classification less clear. 

APPLICATIONS OF PCR IN DNA MUTAGENESIS: 
MUTANT-DNA CONSTRUCTION STRATEGIES 
Site-Directed Mutagenesis 

In SDM, a specific mutagenic primer is used, re- 
sulting in a specific mutant with a predetermined site 



and type of mutation. Although an amino acid can be 
replaced by any of the remaining 21 amino acids, possi- 
bly even by some artificial amino acids (101), some sub- 
stitution mutations may result in a drastic global con- 
formational change of the protein or a mistargeting to 
its site of action. Such a change will almost certainly 
bring about a significant change in function. Therefore, 
for studies aiming to map out functionally important 
amino acid residues in a protein, changes in the resi- 
dues that alter only the local conformation of a protein 
are generally desirable. Guidelines for preferred and 
avoided substitutions have been suggested for this pur- 
pose (102), 

The following described methods or protocols are 
generally used for SDM and are classified according 
to the desired position of the mutations in the PCR 
product. 

Introducing Mutations into the Terminus of a PCR 
Product 

Mutations are simply introduced by one of the two 
primers, and thus mutations are located within approx- 
imately 30 bp of either end of a PCR product. A pair 
of restriction sites is also usually built into these two 
primers. The resulting PCR product can then be readily 
cloned into a vector with one or two compatible restric- 
tion sites (62). 

Introducing Mutations into the Middle of a DNA 
(Connecting PCR) 

In vitro ligation of two PCR products carrying muta- 
tions. To create mutations in the middle of a rela- 
tively large DNA, two separate PCRs can be performed 
to amplify two halves of a complete gene, using four 
primers (Fig. 1A). An outside-forward primer is paired 
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FIG. 1. Introducing mutations into the middle of a DNA (connection PCRs). (A) Introducing mutations by in vitro ligation of two PCR 
products. Two separate PCRs are performed to obtain two halves of a completed gene. The resulting two PCR products are then ligated to 
form a fused DNA carrying mutations situated in the middle and introduced by middle primers. (B) Introducing mutations by in vivo 
homologous recombination. Two PCRs are performed to generate two fragments carrying overlapping sequences introduced by two middle 
primers. The outside ends of these two fragments are ligated into a vector and transformed into the bacteria. As a result of the homologous 
recombination in vivo in the bacteria, one of the two overlapping sequences is removed and two fragments are joined together. (0) Introducing 
mutations by in vitro overlap-extension PCR. Two PCRs are performed to produce two fragments that carry overlapping sequences. These 
two fragments are then mixed, denatured, and annealed in a PCR-ready buffer to obtain mutant DNAs in a further PCR. 



with a middle-reverse primer to synthesize the first half. These two half-fragments which do not overlap 

half of the gene; an outside-reverse primer is paired are thus aligned in "tail -to- tail" fashion. The two re- 
with a middle-forward primer to synthesize the second suiting PCR products can be phosphorylated and then 
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ligated to form a fused DNA carrying mutations situ- 
ated in the middle (60, 63-65). One or both of the .mid- 
dle primers can be mutagenic. This fused mutant DNA 
can be subcloned directly or can be amplified further 
using two outside primers before subcloning (66, 67). 

Alternatively, a common restriction site can be built 
in at the 5 '-terminus of both middle primers. The re- 
sulting two PCR products can be digested and then 
ligated. Sometimes, the incorporation of a restriction 
site into the middle primers causes an undesirable al- 
teration to the corresponding amino acid sequence of a 
protein. To circumvent this problem, a sequence for a 
unique Class lis restriction enzyme can instead be 
tagged onto the 5'-terminus of both middle primers (68, 
69). These tag sequences are completely removed by 
digestion with a Class lis enzyme. 

Usually, ligation is carried out with thermolabile T4 
DNA ligase. A thermostable Tag DNA Hgase has also 
been used along with Taq DNA polymerase in a hgase 
chain reaction (LCR) (65). After two primary PCRs, 
the resulting two fragments are mixed with wild-type 
templates to undergo LCR, by which two fragments are 
connected. In a similar method (70), a phosphorylated 
mutagenic primer and two outside primers were used 
to perform PCR and LCR concurrently. A 900-bp mu- 
tant DNA was generated. Although the use of Taq DNA 
ligase simplifies the procedure, its low yield of final 
ligated product makes it less desirable. The desired 
full-length product is also often contaminated or mixed 
with partial-length by-products. 

In vivo homologous recombination of two PCR prod- 
ucts carrying mutations. Homologous recombination 
in vivo in bacteria is a DNA-joining event between two 
DNA ends carrying the same or very similar sequences 
(mutually overlapping sequences; Fig. IB). As a conse- 
quence of this homologous recombination, one of the 
two overlapping sequences is removed; the two frag- 
ments are joined together in the bacteria. Two PCRs 
are performed to generate the two initial fragments 
carrying overlapping sequences introduced by two raid- 
die primers. Mutations are also introduced by two mid- 
dle primers. To ensure the presence of mutation se- 
quences in all or most recombinants, mismatches are 
best placed in both overlapping sequences, or in the 
portion of a middle primer that does not overlap with 
the other middle primer (23), 

After two PCRs, both outside ends of these two frag* 
ments are ligated into a vector. This linear DNA i& then 
transformed into bacteria to restore a circular func- 
tional plasmid via in vivo homologous recombination 
(23). Mutagenesis efficiencies around 50% may be ob- 
tained. 

In vitro overlap-extension PCR Overextension 
PCR was developed almost concurrentlv by Higuchi and 
associates (70) and by Ho and colleagues (71). (Interest- 



ingly, most subsequent papers only cited Ho et al l Two 
PCRs are performed to produce two DNA fragments that 
carry overlapping sequences (Fig. 1C) and intended mu- 
tations, both of which are introduced by two mutagenic 
middle primers. Two PCR fragments are then mixed, 
denatured, and annealed in a PCR-ready buffer, to gener- 
ate two heteroduplexes via overlapping sequences. Only 
one of the two heteroduplexes, which carries two 3 '-ter- 
mini at the joint, can be extended by Taq DNA polymer- 
ase to form a full-length double-stranded mutant DNA. 
The other heteroduplex, since it carries two 5 '-termini at 
the joint, is not extendible. The extended double-stranded 
mutant DNA is amplified in a further PCR using two 
outside primers. 

The limitation of this overlap-extension method is that 
when the intended mutant DNA is longer than 600 bp, 
or when the intended position of mutations is located 
near either end, the yield of desired mutant DNAs drops 
dramatically (72). Nonetheless, when an additional ex- 
tension step and long PCR technology were used (31), it 
was possible to prepare mutant DNAs as large as 3.1 kb, 
even when GC content was over 60%. 

Introducing Mutations Anywhere in a Final PCR 
Product 

The megaprimer PCR method. Conventionally, prim- 
ers or oligonucleotides are chemically synthesized, sin- 
gle-stranded, and relatively short. Then, it was ob- 
served that double-stranded DNAs of several hundred 
base pairs can also serve as primers for DNA synthesis 
or mutagenesis (5, 74). Because these primers are 
larger than conventional ones, they are called mega- 
primers. 

In the megaprimer mutagenesis method, two outside 
primers, one middle mutagenic primer (reverse or for- 
ward, whichever direction makes the megaprimer 
smaller), and wild-type templates are needed (Fig. 2). 
The first PCR, using one outside primer, the middle mu- 
tagenic primer, and wild-type templates, is performed to 
form a double-stranded megaprimer containing muta- 
tions introduced by the mutagenic primer. In the earlier 
method (Fig. 2), this megaprimer is then purified and 
used together with the other outside primer and wild- 
type templates to obtain the final mutant product in a 
second PCK (35, 75). In a more recent modified method 
(Fig. 2), the purified or nonpurified megaprimer is ex- 
tended by using wild-type templates (17). Only one 
strand of this double-stranded megaprimer is extendible 
to form a single-stranded full-length mutant template, 
which is then amplified by two outside primers in a sec- 
ond PCR to generate a large amount of double-stranded 
mutant DNA (35, 74, 76). 

The template-independent addition of a nucleotide 

(most frequently adenosine) to the 3 '-terminus of a 
product by Taq DNA polymerase is often seen in PCR 
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FIG. 2. The megaprimer method. A PCR is performed to form double-stranded megaprimer. Early method: This megaprimer is then purified 
and paired with an outside primer to obtain the final mutant product in a second PGR. Modified method: The megaprimer formed in the first 
PCR then is extended to form a single-stranded mutant template which is used to further amplify the final mutant product in a second PCR. 
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products. More often than not, this terminal addition 
is a mismatch for the megaprimer in relation to its 
template, thus stalling the extension of the mega- 
primer. Sometimes such 3 '-terminal mismatches are 
tolerated (77), but the result is an unintended change 
to the amino acid sequence. Sharrocks and Shaw (78) 
suggested that the 5 '-terminus of the mutagenic 
primer should be preceded immediately by a wobble 
base of a codon. Thus, in many cases, the addition of a 
mismatched base at the 3 '-terminus of the megaprimer 
does not alter the amino acid sequence. Another inter- 
esting solution to this problem is to design the muta- 
genic primer in such a way that its 5' -end is immedi- 
ately preceded by a T (79). In this way, any A added 
by the 3 '-terminal transferase activity of Taq DNA 
polymerase does not interfere with the subsequent ex- 
tension of megaprimers or change in amino acid se- 
quence. 

Alternatively, a universally applicable strategy is 
to attach a Class lis enzjme-recognition sequence to 
the 5 '-terminus of the mutagenic primer (80). Before 
the extension and the second PCR. the megaprirner 
formed from this mutagenic primer can be purified 
and digested with this enzyme, which removes resi- 
dues of recognition sequences along with any 3 '-ter- 
minal mismatches. Finally, both Pfu and Vent DNA 
polymerases, which lack 3 '-terminal transferase ac- 
tivity, are superior to Taq for use in the megaprimer 
PCR method (17, 18). 



Megaprimers, being long, double-stranded DNAs, 
are often difficult to denature, to anneal, and to extend 
to form full-length mutant templates. The megaprimer 
can be extended more efficiently by lengthening the 
times for the denaturation, extension, and (particu- 
larly) annealing in the extension step (19, 54, 81, 82), 
or by allowing additional cycles for the extension step 
(83). Several strategies are also used to selectively en- 
rich the useful strand of the megaprimer, e.g., by per- 
forming an asymmetric PCR (19, 73) or by separating 
it from the other strand by biotin-labeling the corre- 
sponding outside primer used in the initial PCR (84). 

Improved megaprimer methods. Picard and co- 
workers (18) attempted to combine the three stages of 
the megaprimer method. For the first 10 cycles of PCR, 
small amounts of both the mutagenic primer and one 
outside primer were added in a reaction tube to form 
the megaprimer. For cycles 11-20, a relatively large 
amount of the other outside primer was added, 
allowing the amplification of full-length mutant DNAs. 
For cycles 21-30, amplification was further encour- 
aged by adding more of both the outside primers. Sev- 
eral interventions were required for this one-tube PCR, 
and product yields were low. 

The megaprimer method recently has been improved 
further by the authors, so that it is now practical to 
form a large megaprimer with a high yield of final prod- 
ucts (19). This makes it possible to mutagenize a large 
gene cassette without any unique restriction enzyme 
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sites in the region of interest. It is now also more conve- 
nient than before: the operator can now set up a three- 
stage PCR in one tube (much like a routine PCR) and 
allow programming software to run it automatically 
without any human intervention. All required compo- 
nents, including three primers (two outside and one 
mutagenic), are placed together with DNA templates 
and a DNA polymerase in one tube at the beginning of 
the PCR. The basis of this method is that each stage 
of this PCR is optimized specifically for a single func- 
tion by manipulating conditions, such as the number 
of cycles, the concentrations of mutagenic primers and 
templates, and the use of a partial dideoxyNTP 3 '-end- 
blocked template. The product from the first stage is a 
megaprimer containing the mutation; from the second 
stage, a full-length mutant template; and from the final 
stage, a mutant DNA in sufficient amounts. This modi- 
fied One-STEP (One-Step Three-stage Efficient PCR) 
method not only has made the megaprimer method 
more convenient, but also has increased the sizes of 
the megaprimer to at least 1.3 kb and the final mutant 
DNA to at least 5.4 kb, with high yields. 

The inverse PCR method. Inverse PCR is commonly 
used for cloning unknown genomic sequences (e.g., 5'- 
or 3 '-untranslated regions or introns) and has subse- 
quently been used for sequencing unknown cDNA (89) 
(Ling and Robinson, manuscript in preparation), The 
inverse PCR method can also be used in mutagenesis 
(90), in which a pair of tail-to-tail primers is made from 
the site of the desired mutation and used to amplify the 
entire double-stranded plasmid containing the desired 
gene (Fig. 3). To introduce mutations, one of the two 
primers used is mutagenic. The resulting linear double- 
stranded PCR product is then circularized by ligating 
the two blunt-ends. To allow such a ligation, phosphate 
must be added to the S'-terminus of the PCR products, 
by phosphorylating either the primers in advance or 
the PCR products afterward. The ligated DNA is then 
transformed into E. colt 

A unique restriction site may also be incorporated 
into both primers to create compatible cohesive ends 
in the PCR product, thus increasing the efficiency of 
circularization and removing the requirement for phos- 
phorylation. In this case, if possible, either degenerate 
codons for amino acids that do not change the peptide 
sequence or a Class lis enzyme sequence should be 
used (58). Alternatively, overlapping sequences can be 
generated at two ends of this linear double-stranded 
DNA through the two primers. The in vivo intramolecu- 
lar homologous recombination in bacteria will circular- 
ize this product (91, 92). Instead of directly trans- 
forming this PCR product into bacteria, Jones and 
Winistorfer (93) have found that denaturation and re- 
annealing prior to transformation seemed to consis- 
tently yield 2- to 11-fold more transformants than di- 




F1G. 3. The inverse PCR method. A pair of tail-to-tail primers is 
made from the intended mutation site and used in a PCR to amplify 
the entire plasmid containing the desired gene. This linear double- 
strand plasmid is then circularized and transformed into E. coli. 



rect transformation. Likely, this treatment renders the 
two ends cross-annealed among the four strands, thus 
facilitating recombination in vivo. 

Since it is often difficult to gel -resolve and purify the 
desired linear mutant PCR product from the circular 
wild-type plasmid template, the mixture of both is gen- 
erally used to transform E. coli, resulting in a lower 
mutagenesis efficiency (92). The wild-type template 
should therefore be used in a low concentration (93- 
95). For example, the use of 100 ng plasmid DNA in 
the original method by Jones and Howard (91) resulted 
in a relatively low mutagenesis efficiency: less than 
20%. However, when 10 pg to 1 ng DNA was used, more 
than 50% of transformants were mutant colonies (92). 
Another way to minimize wild-type background after 
transformation is to use alkali-denatured plasmid DNA 
templates (95, 96), which is beneficial probably because 
the alkaline treatment not only denatures the template 
more efficiently, but also makes the template less effi- 
cient in bacterial transformation. Coincidentally, Dor- 
rell et al (95) found that mutagenesis efficiency 
increased significantly when this pretreatment of tem- 
plates was combined with the omission of phenotype 
recovery after the heat-shock step during E. coli trans- 
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formation. It is thus postulated that damage to wild- 
type templates caused by alkaline treatment is not re- 
paired as a result of omitting the phenotype recovery 
step. Since newly synthesized mutant DNAs are not 
treated by alkali, they are thus not damaged. 

This inverse PGR method is very simple and effec- 
tive, and has been utilized to generate mutant plasmids 
as large as 11.5 kb (24), although it generally works 
best for plasmids under 3.1 kb. 

Random and Extensive Mutagenesis 

The REM approach is extremely useful when many 
mutations at a given position or many mutations at 
different positions are needed. For example, the REM 
approach has been used successfully in mapping out 
the important residues of proteins such as Taq DNA 
polymerase I (103) and EcoRV restriction endonuclease 
(104). The REM approach has also been used to engi- 
neer antibody specificity (60, 105) and enzyme specific- 
ity, such as triose-phosphate isomerase (106) and 
aspartase (107). 

Using Primers Randomly Spawned with Mismatched 
Bases or Ambiguous Bases 

In the REM, a set of mutagenic primers is generated 
in one synthesis reaction by supplying three mis- 
matched bases at a single desired base position. This 
set of primers is then used to synthesize a set of mutant 
DNAs with three different mutations at the same posi- 
tion. Multiple sets of mutagenic primers can also be 
synthesized at once (one synthesis reaction) by provid- 
ing a high concentration of the correct base and low 
concentrations of the three wrong bases at the multiple 
desired REM sites. Instead of supplying three mis- 
matched bases for primer synthesis, deoxyinosine phos- 
phoramidite (dl, an ambiguous base) may be added to 
a dNTP phosphoramidite reservoir at one or several 
base positions. The dl-containing primer does not spec- 
ify the complementary base in the subsequent DNA 
synthesis. Since all four natural bases may pair with 
deoxyinosine, there is a 75% probability that any one 
of the three wrong bases, instead of a correct base, is 
paired with this ambiguous base. In some cases, tri- 
nucleotide phosphoramidite units representing codons 
for all 20 amino acids can be used to synthesize oligonu- 
cleotides. Those random mutagenic oligonucleotides 
with all possible amino acid mutations can be obtained 
quickly (108), although such oligonucleotide synthesis 
is too specialized to be useful to most investigators. 

Using Erroneous PCRs 

DNA synthesis in vitro tends to produce random se- 
quence errors. This tendency is relatively great in the 
thermostable-polymerase PCR method, particularly 



when Taq DNA polymerase is used. Vent and Pfu DNA 
polymerases make far fewer errors than does Taq. The 
error rate found by Zhou and colleagues (109) — that 
35% of all subcloned PCR products synthesized by Taq 
contained at least one base substitution in a 633-bp 
product — is somewhat higher than that reported by 
Lerner and associates (110), who used a similar 
method. 

Measures can be taken to increase the error rate of 
PCR for REM (1, 109, 111, 112). Factors that can be 
used to increase the error rate of a PCR include buffer 
composition (e.g., a high magnesium concentration, a 
high pH, or the addition of 0.5 mM MnCl 2 ) and other 
conditions (e.g., a large amount of polymerase, a small 
amount of template, a great number of cycles, a long 
extension time, or a low annealing temperature). In 
addition, a biased pool of the four dNTPs, with concen- 
trations differing by a factor of 10 to 1000, also encour- 
ages a higher error rate (111-114). Finally, the 
template may be treated chemically to encourage mis- 
incorporation in the DNA synthesis. Although the 
treatment itself alone is inefficient at inducing random 
mutations, it is effective when combined with an error- 
prone PCR (115, 116). 

Under various combinations of these conditions, an 
error rate of 1 bp per 150 bp can be obtained per PCR. 
Thus, on average, every clone containing a gene of 150 
bp is expected to have a single random mutation. 

On the other hand, undesirable multiple mutations 
can occur when a highly error-prone PCR is used, which 
are caused by the compounding of mutations at various 
cycles. One possible solution to this problem is to am- 
plify DNAs first in an error-minimized PCR for many 
cycles, and then in an error-prone PCR for only limited 
cycles. 

A drawback of the PCR-based REM method is that 
different genes or different regions of the same gene 
tend to have different error rates, even when the same 
conditions are applied (unpublished observations from 
our laboratory, and 117). The resulting mutants also 
tend to have more transitions (A to G, or T to C) than 
transversions (A to C, T to G, A to T, or G to C). 

Using Deoxyinosine or Other Degenerate Base 
Analogs 

Deoxyinosine triphosphate or other ambiguous de- 
generate base analogs may be incorporated into PCR 
products when the analog is added to a mixture of three 
dNTPs at normal concentrations and the fourth dNTP 
at a lower concentration. This biased set of dNTPs 
forces dl to be incorporated in place of the fourth base 
during DNA synthesis. This dl-containing DNA then 
serves as a template for subsequent cycles of DNA am- 
plification. Theoretically, there is a 75% probability 
that wrong bases may be incorporated wherever a dl 
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is located, since this dl complements weakly with all 
four natural bases (42). Spee and co-workers (118) 
found that using this method, up to 4 bp mutations per 
1000 bp could be produced per PCR, which on average 
corresponds to a 100% mutagenesis efficiency for each 
clone containing a 250-bp PCR product. Under a differ- 
ent PCR setting, using 0.2 mM dITP in addition to 0.2 
mM each dATP, dCTP, dGTP 3 and dTTP, Ikeda and 
colleagues (105) obtained 19 mutants carrying a single 
mutation out of 52 screened clones for a 300-bp PCR 
product. 

PCR methods using dl or other degenerate base ana- 
logs seem to be less sequence-dependent than error- 
prone PCR methods do, and also seem to have less bias 
toward transitions against transversions (1). 

Scanning Mutations 

Scanning mutagenesis or linker scanning mutagene- 
sis is a technique designed to systematically change 
sequence segments in a regular increment (e.g.* every 
20 bp) into a common sequence (e.g., 2-5 bp) within a 
gene. Thus, a set of scanning mutant DNAs can be 
obtained to map out functionally important regions of 
a protein quickly. 

An example is the so-called alanine scanning muta- 
genesis, in which amino acids at different positions of 
a protein are replaced systematically with alanine. The 
reason for choosing alanine as the common replace- 
ment amino acid is that it does not change the peptide- 
chain orientation, as do glycine and proline, and also 
it does not possess extreme steric and electrostatic 
characteristics (123). Cysteine can be used as a com- 
mon residue as well to probe whether or not a region 
of a protein is membrane-spanning, since cysteine in- 
teracts with a readily detectable membrane-permeable 
thiol reagent, Af-ethylmaleimide (124). A protease- 
cleavage site can also be incorporated as a common 
sequence, to identify quickly the corresponding mutant 
protein by protease digestion (125). In scanning muta- 
genesis studies of DNA structure and function correla- 
tion (e.g., promoter DNA), the common sequence usu- 
ally contains a restriction site to facilitate the screening 
of mutant DNAs (126). 

Overlap-extension or megaprimer PCR methods may 
be used to create such scanning mutants (127, 128). 

Deletions and Nested Deletions 

Small deletions (less than 10 bp) can be made easily 
by an oligonucleotide primer design. For larger dele- 
tions, relatively long primers can be used, which loop 
out the sequences to be deleted. A 152-bp intron has 
been deleted successfully in this way by using a 30-bp 
primer (129). Larger deletions may also be produced 
by joining two PCR-amplified fragments, leaving out a 
portion of a DNA fragment (30). 
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Nested deletion of DNAs is another way to map out 
functionally important residues of a protein (130). Tra- 
ditionally, a linear DNA can be deleted stepwise from 
one end by a exonuclease III digestion followed by a SI 
nuclease digestion. Both the amount and the duration 
of enzyme digestions can be adjusted carefully to pro- 
duce a set of nested-deletion DNA mutants. DNAs can 
also be labeled randomly with thio-dNTPs before the 
exonuclease III treatment. Since thio-containiiig se- 
quences are resistant to exonuclease digestion, wher- 
ever the thio-dNTP is incorporated into the DNA, the 
digestion will stop. In this way, digestion can be con- 
trolled readily to obtain different incremental frag- 
ments (131). A more convenient and increasingly popu- 
lar method is to amplify a set of nested deletions with 
a common primer from one end by PCRs, paired with 
a series of primers made by varying positions from the 
other end. Obviously, numerous oligonucleotides are 
required. 

Insertion 

Small insertions (fewer than 10 bp) can be made eas- 
ily by designing mutations into primers. Relatively 
long inserts should be attached to the 5 '-terminus of a 
primer when used in an inverse PCR method. Long 
insertions can be made by the use of the megaprimer 
or an the overlap-extension PCR. An insertion se- 
quence can also be placed in the middle of a relatively 
large primer for mutant strand synthesis (132). For 
insertions greater than 200 bp, three individual frag- 
ments, one of which is the inserting fragment, can be 
produced by PCRs and subsequently joined by ligation 
(30, 133). 

Multiple Mutations 

Multiple mutations are sometimes required in the 
same gene for studies of whether a second mutation 
site modulates another (134). Multiple mutations can 
be obtained simply when several mutagenic primers 
are used one at a time for several rounds of mutagene- 
sis (135). Sometimes, desired multiple mutations can 
be obtained even when all mutagenic primers are 
placed at the same time in the same reaction (136). 
Alternatively, a few DNA fragments, each carrying mu- 
tations, can be connected to generate a joined product 
with multiple mutations (65). 

APPLICATIONS OF PCR IN DNA MUTAGENESIS: 
MEASURES OF MUTANT SELECTION 

Nested PGR 

For the megaprimer PCR method, the challenge is to 
amplify selectively the mutant template in the second 
PCR, without concurrent amplification of the coexisting 
wild-type template. A popular nested PCR strategy is 
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to use a tagged outside primer in the first PCR. This 
tagged sequence, 10-30 bp long, is located at the 5'- 
end of the primer and is absent in the wild-type tem- 
plate (Fig, 4A). The resulting tagged megaprimer is 
then extended to form a single-stranded tagged mutant 
template by using wild-type templates. Then a new 
primer (often called the nested primer), made mostly 
from this tagged sequence, is used in the second PCR. 
Since this nested primer recognizes the tagged mutant 
template, not the wild-type template, primarily mutant 
DNAs are amplified. This strategy thus has increased 
significantly the efficiency of the megaprimer method 
(65, 149). 

Instead of a nested primer, a template different in 
sequence only at one end from the first wild-type tem- 
plate is used for the extension of the purified mega- 
primer to form a single-stranded mutant template (Fig. 
4B). This pair of templates can be obtained by cloning 
the insert into two different vectors. Since one of the 
two outside primers used in the second PCR will not 
bind to this template with a different end, only the 
mutant templates will be amplified (150, 151). A simi- 
lar approach is to use two templates, differing in the 
orientation of the insert relative to flanking vector se- 
quences by cloning an insert into the same vector in 
two opposite orientations, or into two related vectors 
differing in only the orientations of cloning sites, such 
as pUC18 and pUCl9. Thus, when one template is used 
for the first PCR and the other for megaprimer exten- 
sion, without the purification (Fig. 4C), the resulting 
mutant template contains the same sequence on both 
sides and is therefore amplified in the second PCR by 
using only one outside primer derived from that se- 
quence. In other words, this one primer functions as 
both a forward and a reverse primer; neither wild-type 
templates (orientation 1 or 2) will be amplified with 
this primer alone (152). 

Steinberg and Gorman (82) and Liang and colleagues 
(99) capitalized on the use of two different templates, 
simply by using a piece of short DNA as a template for 
megaprimer extension (Fig. 4D). This short DNA, made 
by restriction digestion of the wild-type template or by 
PGR, supports the extension of the purified megaprimer 
but does not support the amplification of the full-length 
wild-type template in the second PCR (82, 99). To avoid 
the extension of this short DNA itself to form a full- 
length wild-type template, the 3 '-end of this short DNA 
is blocked by adding dideoxynucleotides. Alternatively, 
this short template is made to carry an end nonhomolo- 
gous to the megaprimer. In addition to using a short 
fragment for megaprimer extension, the template for the 
first PCR can also be a shorter fragment, lacking the 
opposite end of the megaprimer (153). 

Purification of Mutant Products 

Other than the above-described nested PCR, proba- 
bly the most straightforward selection procedure for 



PCR products is the purification of mutant DNAs from 
wild-type template DNAs by biotinylating one of the 
two primers for PCR (4). Thus, the newly synthesized 
mutant strand can be purified from wild-type tem- 
plates. This biotinylated mutant strand alone can then 
be used as a template for the synthesis of the second 
strand. The resulting double-stranded mutant DNA 
can be circularized by digesting off the biotin cap with 
an enzyme, the site of which is built into the biotinyl- 
ated primer (4). Finally, whenever the template and 
mutants are different in size, mutant PCR products 
may be purified from templates by simple gel electro- 
phoresis. 

APPLICATIONS OF PCR IN DNA MUTAGENESIS : 
SUBCLONTNG OF MUTANT PCR PRODUCTS 

Most often, the mutant insert generated by PCR 
needs to be subcloned into an expression vector for pro- 
tein studies. A recent review summarized several com- 
mon ways to clone PCR products, including the purifi- 
cation of PCR products, the incorporation of restriction 
sites, the 3'-T-protruding vectors for cloning 3 '-A-pro- 
truding products, and the cloning of blunt-ended prod- 
ucts. Several aspects other than those discussed in 
Schaefer (157) are summarized below. 

Recent Improvements on Ligation 

Under the standard PCR conditions, the 3 '-ends of 
some PCR products often are not extended completely; 
usually, they are missing the last several base pairs 
where restriction sites are designed through primers. 
Thus, PCR products often cannot be digested, leading 
to low efficiency or even failure of a ligation. An addi- 
tional treatment of PCR products with Pfu DNA poly- 
merase or T4 DNA polymerase combined with dNTP 
has been used to fill in the two product ends completely. 
Extra extension time (5-10 min, or even 60 min) at 
the end of a PCR process also helps to increase the 
efficiency of cloning (158). 

Sometimes, when restriction sites are built too close 
to the end of a PCR product, those sites will digest with 
difficulty, even when the ends of those products are 
complete. Another alternative to increase the ligation 
efficiency is to create sticky ends in PCR products by 
partial digestion with exonuclease III. 

It is also possible to create a sticky end without 
any digestion. The desired PCR product is amplified 
separately with two pairs of primers that differ only 
in that each primer in one pair is longer by 3 bp (e.g., 
GGG) at its 5' -end than that of the other pair. These 
two products are mixed in about equal molar ratio, 
denatured, and reannealed. Among all reannealed 
molecules, 25% will have 5'-GGG-protruding ends, 
and 25% will be 3'-CCC-protruding. Each molecule 
with sticky ends is then cloned easily into vectors 



FROM BIOMEDICAL INFORMATION SERVICE (WED) 4. 2*03 1 5 : 1 9/ST. 1 5 : 03/NO. 486 2209728 P 19 

170 LING AND ROBINSON 



Cm- 



nested primer 



B 



♦ 



PCR1 



megapnmer EkS- 



ccn- 

CS33- 



template 



Extension 



cna- 



PCR2 



template 



PCR1 



purified rnegaprimer 



template with 
a different end 



Extension 



PCR2 



ES3- 



D 



full-length template 



|| j 1 1 i i — 



till! Ih - 



rrn i iL— 



■ j5B3 orientation- 1 



|pCR1 



fr 



- Cmi orientation -2 
H2HI1 template 



5' 



Extension 



♦ 



^ ii rrrp 



PCR1 



purifed rnegaprimer 



short template containing 
' a non-homologous end 



OR 



- 3' short template containing 
" 5' a blocked end 



Extension 



PCR2 



PCR2 



FIG- 4. Nested PCRs. (Aj Nested primer. After the mutant template is formed, a nested primer (shown boxed and with an arrowhead) is 
used to selectively amplify the mutant template in the second PCR (B) A different wild-type template. After the rnegaprimer is produced, 
it is extended on a template with a different end from the rnegaprimer, rather than the original template, to form the mutant template. 
The mutant template is then amplified selectively in the second PCR. (C) Two templates with different insert orientations. The rnegaprimer 
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is amplified using only one outside primer. (D) Short template. After the rnegaprimer is amplified, it is extended on a short template. The 
mutant template is then amplified in the second PCR. 
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carrying compatible synthetic linkers. This nondiges- 
tion method gave significantly better cloning effi- 
ciency than TA cloning (159). 

Ligation of vectors and inserts, both carrying blunt 
ends, is often difficult (160, 161). PCR thus may be 
used to amplify a product from the ligated molecule, 
carrying restriction sites that are easy to digest. Trans- 
formation of a secondary ligation would produce more 
of the desired clones (160, 161). 

Usually, PCR products are purified from Taq poly- 
merase by phenol and chloroform extraction, and from 
primers, dNTPs, and buffer components by gel electro- 
phoresis and ethanol precipitation. However, even 
after these treatments, residual DNA polymerases and 
dNTPs may still be present in these PCR products, 
which modify restriction ends after the digestion. For 
example, 3 '-recessive ends can be filled by Taq poly- 
merase, and 3 '-protruding ends can be removed by 
Vent or Pfu. Such alterations to the digested ends pre- 
vent subsequent ligation. Therefore, thorough extrac- 
tion (three times) with phenol and chloroform is recom- 
mended by Benett and Molenaar (162). In some cases, 
even repeated phenol-chloroform extraction is not suf- 
ficient to remove Taq polymerase, which then must be 
degraded by a proteinase K digestion (163). 

Primers, by default after their chemical synthesis, 
and hence PCR products, are usually not phosphory- 
lated at their 5'-ends. Thus, vectors for cloning must 
be phosphorylated to allow the ligation of at least one 
strand between the vector and the PCR product. When 
both vectors and PCR products are phosphorylated, the 
efficiency of ligation increases greatly (164). Cyclic 
changes in incubation temperature between 10 and 
30°C every minute also increase the ligation efficiency 
by 4- to 8-fold, compared to the constant temperature 
incubation (165). The transformation efficiency can 
also be increased greatly when the ligase is heat-dena- 
tured and products of the ligation reaction are purified 
from the buffer (166). 

Ugation-Free Methods 

PCR products may be inserted into a vector in vivo 
via homologous recombination in E. coli (167-169). 
Two primers used for the PCR are each attached with 
an overlapping sequence derived from the vector. As a 
result, each end of this PCR product has an overlapping 
sequence, which is homologous to its vector end. The 
vector and the insert are then transformed into a bacte- 
rial host and connected directionally via intermolecular 
homologous recombination. The minimal length of this 
kind of overlap sequence seems to be around 23 bp 
(168, 169). In vitro predenaturation and reannealing 
prior to transformation have been shown to increase 
this cloning efficiency (93). Long sticky ends (usually 
12 bp or greater) compatible between a vector and an 



insert can also be created by choosing or designing re- 
striction enzyme ends in the vector which are made of 
only three nucleotide monophosphates in their termi- 
nal 12 bp or longer sequences. Treatment with T4 DNA 
polymerase in the presence of the fourth dNTP, and 
the absence of the three other dNTPs, will then remove 
nucleotides from one strand of the chosen terminal se- 
quence, creating sticky ends. Both the insert and the 
vector are treated separately, creating terminal se- 
quences that overlap- This cloning-free method is very 
efficient: Almost 100% of transformants have been 
found to be desirable clones (170). 

Finally, primers can be designed to be rich in dUMP. 
The resulting PCR product, which contains dUMP at 
its ends, can then be digested with UDG, leaving 3'- 
protruding ends of about 12-15 bp. This fragment can 
be co transformed into E. coli with vectors, carrying 
compatible 3 '-protrusions made by using synthetic 
linkers. The yield of transformants of this method is 
high (171, 172), although dUMP-containing primers 
sometimes failed to amplify PCR products when Pfu 
and Vent were used (173). 

APPLICATIONS OF IN VITRO NON PCR AND IN VIVO 
METHODS IN DNA MUTAGENESIS 
Mutant-DNA Construction Strategies 

Assembling Double-Stranded Oligonucleotides 
Carrying Mutations 

The simplest strategy for mutant DNA constructs 
of small size is to assemble a double-stranded DNA 
with a pair of cross-annealed oligonucleotides car- 
rying desired mutations. This constructed DNA can 
be used to replace the wild-type counterpart by using 
naturally existing or artificially created restriction 
sites (55, 56). It is important that these sites be cre- 
ated in such a way that their creations do not unin- 
tentionally affect the sequence (57). Because most 
amino acid residues in a protein are encoded by mul- 
tiple codons, it is possible to alter the DNA sequence 
to accommodate a restriction site without changing 
the amino acid sequence (58). 

Several phosphorylated, mutually complementary 
oligonucleotides can be used to assemble a long dou- 
ble-stranded DNA (2, 59). Their neighboring ends can 
be ligated directly. If singled-stranded gaps remain 
after ligation, they can be filled in by a thermolabile 
DNA polymerase or alternatively by PCR, and then 
ligated with each other (60). Mutations are built in by 
swapping one of the numerous oligonucleotides with 
a mutagenic one (61). 

Although simple, this procedure is limited to rela- 
tively short DNAs, generally 200-300 bp : otherwise 
too many oligonucleotides are required, making the 

procedure expensive. This strategy can be used to the 
applications of SDM and REM. 
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FIG. 5. The hybrid method. The mutant strand (the second strand), 
directed by the mutagenic primer (A, one primer) and by a selection 
primer (B, two primers), is synthesized using either single-stranded 
templates or denatured double-stranded templates under the cataly- 
sis of a thermolabiie polymerase, to form a hybrid DNA carrying a 
wild-type strand and a mutant strand, which is then introduced into 
the bacteria to segregate the mutant and wild-type DNAs. 



The Hybrid Method 

In this classical mutagenesis method, a circular sin- 
gle-stranded M13 phage DNA or phagemid DNA con- 
taining the desired gene is used as the template (2, 3, 
85, 86). The mutant strand (the second strand), di- 
rected by a mutagenic primer, is synthesized under the 
catalysis of a thermolabiie DNA polymerase, such as 
Klenow or T4 DNA polymerase, or T7 DNA polymerase 
(Fig. 5A, one primer). The second strand is then sealed 
by T4 DNA ligase. The resulting double-stranded DNA, 
a hybrid carrying a wild-type strand and a mutant 
strand, is then introduced into an E. coli to segregate 
the mutant and wild-type DNAs. 

Using this method, wild-type DNA background levels 
as high as 99.9% are often encountered after transfor- 
mation, for three reasons. First, the circular single- 
stranded DNA template for mutant-strand synthesis is 
often contaminated with short DNA fragments; these 



can also, like regular primers, initiate DNA synthesis, 
producing wild-type double-stranded DNAs that are co- 
transformed with the hybrid into E. coli (87). Second, 
the sequence in the mutagenic primer may be displaced 
by the strand-displacement activity of Klenow polymer- 
ase, resulting in high wild- type background (2.). Third, 
the host-directed DNA mismatch -rep air system in 
bacteria usually favors methylated DNAs synthesized 
in vivo over nonmethylated DNAs synthesized in vitro. 
Thus, mutations in the synthesized mutants tend to 
be removed within E. coli (88). It is therefore often 
necessary to screen a large number of clones (85). 

With the introduction of selection measures (two 
primers), the hybrid method using single-stranded 
DNAs becomes more efficient. Moreover, denatured 
double-stranded plasmid DNAs can also be used as 
templates to synthesize hybrid DNAs (Fig. 5B 5 two 
primers, discussed below). However, double-stranded 
DNAs are less efficient than single-stranded DNAs, 
since there is strong competition between binding of 
the complementary strand and the binding of the 
primer to the template. This method is used mostly in 
the SDM. 

Gapped Circles 

A plasmid DNA containing a desired gene can be 
converted to have both single-stranded and double- 
stranded regions. This single-stranded region is for 
easy binding of a mutagenic primer. These so-called 
gapped circles are prepared by manipulating two DNA 
restriction fragments, both derived from the same plas- 
mid. As outlined in Fig. 6, the combination of fragments 
I and II, of fragments I and III, or of fragments I and 
IV gives different pairs of gapped circles. Fragment I 
is made to lack the lower portion of the plasmid, which 
is the gene insert region, and usually is 10-40% of the 
whole plasmid. Fragment II is made to lack the upper 
portion of the plasmid and overlap with fragment I at 
both ends. Fragment III is a complete circular plasmid. 
Fragment IV is a complete linear plasmid obtained by 
a restriction enzyme digestion. Two fragments, in the 
above-mentioned combinations, are mixed, denatured, 
and reannealed to form a pair of gapped circles. 

Depending on the designed primer, only one in each 
pair of gapped circles is the desired form as the tem- 
plate, containing a single-stranded region to which the 
mutagenic primer is complementary. This desired form 
can be gel-purified from the other form. For easier gel 
purification, the "gap" is better selected to be less than 
12% of the total size of a plasmid (51). If a restriction 
site exists in the single-stranded region, the undesired 
gapped circle can be removed by enzyme digestion us- 
ing an oligonucleotide to restore the full restriction site 
(12). The desired gapped circle alone can be produced 
by overlapping a 5'- or 3 '-sticky restriction end of frag- 
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Gapped dixies 

FIG. 6. The formation of gapped circles. A pair of restriction frag- 
ments is made from a plasmid; fragment I always lacks the region 
containing the intended mutation site. One of the other three types 
of fragments shown, containing the region missing in fragment I, 
is paired with fragment I. The two fragments in any of the three 
combinations shown are then mixed, denatured, and reannealed. 
Two forms of gapped circles are produced from each combination. 



merit I with a compatible end of the second fragment 
(fragment II, III, or IV in Pig. 6) (52). Thus, two other 
strands carrying recessive restriction ends do not over- 
lap to form the unwanted gapped circle. 

The preparation of gapped circles in general is cum- 
bersome. The purified gapped circle usually is not sta- 
ble; thus, repeated preparations are unavoidable. The 
efficiency of mutagenesis using a gapped circle as a 
template with the thermolabile polymerase is rela- 
tively low, 5-15% (51); the gapped circle is no longer 
widely used. When certain selection measures are used 
together with this template (52), the efficiency can be 
increased (12, 53). 

In Vivo Mutagenesis Methods 

The "closing" oligonucleotide method. When a 
unique restriction site happens to be near the intended 

mutation position, the plasmid DNA can be cleaved 
at this unique site. A "closing" oligonucleotide primer 



carrying mutations can be provided to cover the cleav- 
age site. The linearized plasmid, together with this 
closing oligonucleotide, is cotransformed into bacteria 
for in vivo reconstitution (repairing). Only the repaired 
plasmid will survive in bacteria. Some of the repaired 
plasmids thus will contain mutations provided by clos- 
ing primers (97). 

The minimal length of such an oligonucleotide to seal 
the cleavage of a plasmid seems to be 20 nucleotides. 
The mutation position should be within 5 bp from the 
cleavage site, to obtain >15% mutagenesis efficiency. 
The farther the mutagenesis site from the cleavage 
site, the lower the efficiency. This method can be ap- 
plied in the SDM. 

Using bacteria with defective DNA repair systems. 
The error rate of DNA synthesis in a normal strain, 
typically 10" 10 errors per base per generation (119), is 
obviously too low to be used for DNA mutagenesis. 
DNA repair systems individually rendered defective, 
e.g., mutS (responsible for mismatch repair), mutD (re- 
sponsible for sequence-proofing through 3 r -5' exo- 
nuclease activity), or mutT (responsible for hydrolyzing 
oxodeoxyguanosine triphosphate) (120, 121), have been 
shown to increase significantly the spontaneous in vivo 
mutagenesis. When mutS, mutD, and mutT were ren- 
dered defective simultaneously (122), the spontaneous 
mutagenesis rate in the resulting bacterial strain (XL1- 
Red) was increased as much as 5000-fold over that in 
the wild-type strain, which means one mutation oc- 
curred in a 2000-bp DNA after 12-18 h of replication. 
On average, every clone containing a 2-kb gene would 
contain a mutation, and thus a plasmid containing the 
gene can be introduced into a such strain to produce 
random mutations. Although this rate of random muta- 
genesis is still low compared to that of PCR-based REM 
methods, the simplicity of this approach is very attrac- 
tive to create the REM. 



Measures of Mutant Selection 

In most non-PCR methods catalyzed by thermolabile 
DNA polymerases, a significant amount of wild-type 
DNA is used as templates, which often remain with 
mutant DNAs and are cotransformed into£. colt Thus, 
selection measures become the key to the success of 
mutagenesis. To support the growth of a bacterial host 
in an antibiotic-containing medium, a plasmid must 
have a functional antibiotic resistance gene and an in- 
tact replication origin, and must be in circular form. 
Circular plasmids are introduced into bacteria much 
more efficiently than linear ones. Even if a linear plas- 
mid is introduced into bacteria, it has to be circularized 
to be replicated; only about 0.1% is recircularized in 
vivo. These characteristics have become the basis for 
the measures of mutant selection. 
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Selections Based on Restoration of a Functional 
Antibiotic-Resistance Gene or Replication 
Origin of a Mutant Plasmid 

In this often-used method of selection, a plasmid in 
which the antibiotic-resistance gene is rendered defec- 
tive (e.g., missing 1 bp) is used as a template to synthe- 
size a hybrid plasmid, with a selection primer (a oligo- 
nucleotide to correct the defective sequence of the 
antibiotic-resistance gene) and a mutagenic primer 
(Fig. 5B, two primers) (137). As a result, only £. coli 
harboring the newly synthesized DNA carrying the se- 
lection primer sequence will survive on the antibiotic 
medium. To ensure that both primers are simultane- 
ously incorporated, the mutagenic primer should be 
made to bind to the template preferentially. For exam- 
ple, its melting temperature should be higher than that 
of the selection primer. Both primers should also be in 
large molar excess (several hundred-fold) relative to 
template DNAs. Two resistance genes can also be used 
in the same plasmid, one for mutagenesis selection and 
the other for routine selection (138, 139). A mutagene- 
sis efficiency of about 85% has been obtained by using 
this selection (138, 140). 

Similarly, a selection measure can be based on the 
restoration of a defective replication origin (141). A 
phage or plasmid DNA in which the replication origin 
is rendered defective (e.g., missing 2 bp) can be used 
as a template to synthesize a hybrid plasmid in which 
a mutagenic primer and a selection primer (a oligonu- 
cleotide that restores the defective sequence) are incor- 
porated into the mutant strand. Thus, only restored 
plasmids can be replicated in a normal rnhA~ strain. 

Selections Based on Mutant DNAs Resistant 
to Restriction Digestion 

Unique site elimination (USE). Wild-type plasmids 
containing a unique restriction site are used as tem- 
plates to synthesize a hybrid plasmid with a mutagenic 
and a selection primer (Fig. 4B). Mismatches are intro- 
duced into this hybrid plasmid by mutagenic primers 
to destroy this unique restriction site. Hybrid plasmids 
are then transformed into an E. coli strain with a defi- 
ciency in correcting mismatches (mutS~). Plasmid 
DNAs extracted from pooled transformants (a mixture 
of wild-types and mutants) are then digested with this 
unique site enzyme. Since mutants do not carry this 
unique site, they will not be digested by this enzyme, 
unlike the wild-type plasmids (5, 135). The resulting 
indigestible plasmid is then used to re-transform a 
mutS* E. coli strain (11, 123, 142), 

In the original method (11), approximately 2 fmol of 
templates was used. It has been shown subsequently 
that if more template (5-25 fmol) was used, more mu- 
tant clones could be made (143). Because of the in- 
creased efficiency, competent cells treated by CaCl 2 



( 10 6 - 10 7 cfu/mg DNA) instead of highly competent cells 
(10 8 -10 9 cfu/mg DNA) may be used for the transforma- 
tion. This is very useful because CaCl 2 -treated compe- 
tent cells are easy to prepare and use, compared to 
highly competent cells. If a unique site is relatively 
close to the desired mutagenic position, two primers, 
selection and mutagenic, may be combined into one 
long primer, which is usually made by the PCR (5. 11, 
135). Although the USE method and its modifications 
are almost universally applicable, two rounds of trans- 
formation are required. Some restriction sites, such as 
BamHl, Bglll, and Pvul, do not work well for this selec- 
tion (as outlined in the booklets from the Chameleon 
kit, Stratagene, and the USE mutagenesis kit Phar- 
macia, and experience from our lab). When the size of 
the plasmid is larger than 6 kb, the USE method be- 
comes less efficient. 

Digestion-resistant dNTP analogues. Mutant strands 
can also be distinguished by replacing one or more of 
the four deoxynucleotide triphosphates with their 5'- 
[a-thiol]triphosphate analogs during DNA synthesis. 
Synthesized hybrid plasmids are then treated with a 
restriction enzyme. Since wild-type strands contain 
only non-thiol sequences, they will be digested. Di- 
gested DNAs are removed by a further T7 exonuclease 
or exonuclease III treatment. The remaining mutant 
strand is then used as a template to synthesize a second 
mutant strand (53, 144). This selection can be used in 
conjunction with gapped-circle templates (53, 145, 
146). A similar way of achieving this strand discrimina- 
tion is to synthesize the mutant strand with methyl- 
ated nucleotide triphosphate. The resulting fully meth- 
ylated mutant strand will not be digested by certain 
frequent-cutting restriction enzymes such as Mspl, 
Sau3AI, and Hha\ % but the nonmethylated wild-type 
strand will be digested (12, 145-147). 

Selections Based on Template DNAs Susceptible 
to Restriction Digestion 

Another powerful selection is to prepare DNA from 
duf ung~ bacterial strains, which do not restrict dUMP 
in DNAs, as do dut* ung* strains. Therefore, the re- 
sulting template DNA contains deoxyuracil (148). Since 
nascent mutant strands do not carry deoxyuracil, an 
ensuing digestion with the UDG enzyme exclusively 
eliminates template strands. Double-stranded mutant 
plasmids can then be made from the single-stranded 
mutant DNAs. Alternatively, the hybrid DNA can be 
transformed into a dut* ung* strain to eliminate the 
wild-type strand and to form double-stranded mutant 
DNAs. This selection method is often called the Kunkel 
method. 

The template can also be prepared from a Dam meth- 

ylase-carrying E. coli, which extensively methylates 
DNAs. The mutant strand synthesized in vitro is not 
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Comparison of Major Methods of in Vitro Mutagenesis 





Duration 


Man. time 








(day) 0 


(h) 6 


Advantage 


Disadvantage 


Hnnopction PCR C 


6 


9-10 


Good efficiency , fast 


Relatively shorter mutant products 


Megaprimer PCR d 


5 


6-9 


High efficiency, fast, larger mutant products 


Needs careful setup of parameters 








and conditions 


Inverse PCR 


5 


6-9 


High efficiency, fast, simple, mutant product 
already in a plasmid 


Needs to amplify long PCR products 


Hybrid" 








Very low efficiency, lengthy, 


Without selection 


5-8 


15 


Mutant product already in a plasmid 








laborious, 


With selection (USE) 


7 


12*14 


High efficiency 


Lengthy, laborious, some unique sites 








not suitable for this method 


Gapped circle 


7 


13-15 


Mutant product already in a plasmid 


Relatively poor efficiency, lengrthy. 
laborious, complex 



0 Duration is the total time from the beginning to the confirmation of mutant clones by sequencing, including waiting time (e.g., E. coil 
growth overnight). 

b Man. time (manipulation timej is the time the operator needs to spend on performing all steps of that procedure. 

c Connection PCR includes ligation, homologous recombination, and overlap extension of two PCR products to form the mutant product 

d Only the One-STEP version (19) was used for evaluation. 

c Both methods with and without selection were evaluated. Without selection, the method needs time-consuming screening with radioactive 
selective hybridization (85). 



methylated. When the hybrid plasmid is digested with 
a methylation-dependent enzyme such as Dpnl t meth- 
ylated wild-type template strands are removed selec- 
tively (24, 48). 

Screening of Mutants 

For the ease of screening of mutants made from ei- 
ther PCR or non-PCR methods, one of the primers 
should be incorporated with a sequence having a 
unique or rare restriction site (2, 10, 154), provided 
that this sequence does not bring about unwanted 
changes in the corresponding amino acid sequence. The 
desired mutations ultimately should be confirmed by 
sequencing. Random mutations occur even in non-PCR 
methods ( 155). For example, when T4 DNA polymerase 
was used in mutant DNA synthesis (5), 4 bp errors 
occurred in 6099 bp. 

In summary of the sections on the applications of 
PCR and non-PCRAn vivo methods in DNA mutagene- 
sis, some aspects of all major methods are compared in 
Table 3. 

SUMMARY 

In the last several years, the use of double-stranded 
DNA templates together with thermostable-polymer- 
ase PCR has essentially replaced the use of single- 
stranded DNA templates using thermolabile polymer- 
ase for in vitro mutagenesis. Numerous PCR methods 
are now available, such as overlap-extension PCR, 
megaprimer PCR, and inverse PCR. All of these PCR 
methods are reliable, effective, and convenient, al- 



though they are more prone to high rates of spontane- 
ous error in mutant DNAs than are methods using 
thermolabile polymerases. Some improvements, such 
as the introduction of methylated templates, have been 
employed to minimize PCR errors. On the other hand, 
because of the introduction of many selection measures 
(e.g., restoration of antibiotic resistance, restoration of 
replication origin and unique site elimination), both 
double-stranded and single-stranded DNAs can now be 
used as templates for mutagenesis using thermolabile 
polymerase methods. For PCR methods, selection mea- 
sures such as nested PCR have been developed. All 
these selection measures have greatly improved the 
efficiency of mutagenesis by removing wild-type tem- 
plates prior to transformation. Many efficient methods 
are available for both SDM and REM. Mutations can 
be introduced in vitro or in vivo, either by mutagenic 
primers or by erroneous DNA synthesis. Thus, choices 
largely depend on the experimental needs and re- 
sources of the investigator. 

ACKN OWLED GMENTS 

We are grateful for the encouragement of Dr. William B. Jakoby. 
We appreciate very much the editorial and technical advice from Dr. 
Prescott Deininger. 

REFERENCES 

1, Zaccolo, M., Williams, D. M M Brown, D. M„ and Gherardi, E. 
(1996) J. Mol Biol 255, 589-603. 

2, Smith, M. (1985) Annu. Rev. Genet 19, 423-462. 

3, Zoller, M. J. (1991) Curr. Opin. Biotechnol. 2, 526-531. 



FROM BIOMEDICAL INFORMATION SERVICE 



(WED) 4. 



2'03 1 5 : 23/ST. 1 5 : 03/NO. 4862209728 P 25 



LING AND ROBINSON 



176 

4. Wang, C. C, Fernando, L. P., and Low, P. S. (1996) Nucleic 
Acids Res. 24, 1378-1379. 

5. Ray, F. A., and NickolofF, J. A. (1992) BioTeckniques 13, 342- 
345. 

6. Redston, M. S., and Kern, S. E. (1994) BioTeckniques 17, 286- 
288. 

7. Chou, Q. (1992) Nucleic Acids Res. 20, 4371. 

8. Seto, D. (1990) Nucleic Acids Res. 18, 5905-5906. 

9. Schoenlein, P. V., Gallman, L. S„ Winkler, M. E,, and Ely, B. 
(1990) Gene 93, 17-26. 

10. Chatellier, J., Mazza, A., Brousseau, R., and Vernet, T. (1995) 
Anal. Biockem. 229, 282 -290. 

11. Deng, W. P., and NickolofT, J. A. (1992) Anal Biockem, 200, 
81-88. 

12. Hofer, B., and Kuhlein, B. (1993) Methods Enzymol 217, 173- 
189. 

13. Erlich, H. A (1989) PCR Technology: Principles and Applies- 
tionfi for DNA Amplification, Stockton Press, New York. 

14. Lundberg, K. S., Shoemaker, D.D., Adams, M.W.W., Short, 
J. M., Sorge, J. A., and Mathur, E. J. (1991) Gene 108, 1-6. 

15. Juncosa-Ginesta, M., Pons, J., Planas, A., and Querol, E. (1994) 
BioTeckniques 16, 820-823. 

16. Cline, J., Braman, J. C, and Hogrefe, H. H. (1996) Nucleic 
Acids Res. 24, 3546 -3551. 

17. Marini III, F M Naeem, A, and Lapeyre, J.-N. (1993) Nucleic 
Acids Res. 21, 2277-2278. 

18. Picard, V., Ersdal-Ba^ju, E., Lu, A., and Bock, S. C. (1994) Nu- 
cleic Acids Res. 22, 2587-2591. 

19. Ling, M., and Robinson, B. H. (1995) Anal. Biockem. 230, 167- 
172. 

20. Barnes, W. (1994) Proc. Natl Acad. Sci. USA 91, 2216-2220. 

21. Scott, B., Nielson, K., Cline, J. ( and Kret2, K. (1994) Strategies 
Mol Biol 7, 62-63. 

22. Weiner, M. P., Costa, G. L.> Schoettlin, W., Cline, J., Mathur, 
E. t and Bauer, J. C. (1994) Gene 151, 119-123. 

23. Owen, J. L., Hay, C, Schuster, D. M., and Rashtchian, A (1994) 
Focus (Life Technol). 16, 39-44. 

24. Gatlin, J., Campbell, L.H., Schmidt, M. G., and Arrigo, S.J. 
(1995) BioTeckniques 19, 559-564. 

25. Anaaldi, M., Lepelletier, M., and Mejean, V. (1996) Anal Bio- 
ckem. 234, 110-111, 

26. Yap, E. P. H., and McGee, J. O'D. (1991) Nucleic Acids Res. 19, 
1713. 

27. Kainz, P., Schmiedlechner, A., and Strack, H. B. (1992) Anal 
Biockem. 202, 46-49. 

28. Ponce, M. R., and Micol, J. L. (1992) Nucleic Acids Res. 20, 623. 

29. Cheng, $., Change, S.-Y., Gravitt, P., and Respess, R. (1994) 
Nature 369, 684-685. 

30. Ling, M., and Robinson, B. H. (1996) Anal. Biockem. 242, 155- 
158. 

31. Chouljenko, V., Jayachandra, S.. Rybachuk, G., and Kousoulas, 
K G. (1996) BioTeckniques 21, 472-480. 

32. Cui, M. G., Cioe, L., and Rovera, G. (1992) BioTeckniques 12, 
502-504. 

33. Lau, E. C, Li, Z.-Q., and Slavkin, H. C. (1993) BioTeckniques 
14, 378. 

34. Schuchard, M., Sarkar, G„ Ruesink, T., and Spelsberg, T. C. 
[im)BioTechniqiies 14, 390-392, 394, 

35. Sarkar, G., and Sominer, S. S. (1990; BioTeckniques 8, 404. 

36. Varadaraj, K, and Skinner, D. M. (1994) Gene 140, 1-5. 



37. Moreau, A., Duez, C, and Dusart, J. (1994) BioTeckniques 17, 
233 - 234. 

38. Schwarz, K., Hansen-Hagge, T., and Bartram, C. (1990) Nucleic 
Acids Res. 18, 1079. 

39. Hung, T., Mak, K., and Fong, K. (1990) Nucleic Acids Res. 18, 
4953. 

40. Chevet, E., Lemaitre, G., and Katinka, M. D. (1995) Nucleic 
Acids Res. 23, 3343-3344. 

41. McConlogue, L., Brow, M. D., and Innis, M. A. (1988) Nucleic 
Acids Res. 16, 9869, 

42. Turner, S. L., and Jenkins, F. J. (1995) BioTeckniques 19, 48- 
52. 

43. Dutton, C. M., Paynton, C, and Sommer, S. S. (1993) Nucleic 
Acids Res. 21, 2953-2954. 

44. Messing, J. (1983) Methods Enzymol. 101, 20-78. 

45. Cordell, B., Bell, G., Tisher, E., DeNoto, F. M., Ulrich, A., Pictet, 
R., Rutter, W. J., and Goodman, N. M. (1979) Cell 18, 533-543. 

46. Wu, S.-M., Blomberg, L. A., and Chan, W.-Y. (1996* BioTeck- 
niques 21, 356-362. 

47. Pagratis, N. C. (1996) Nucleic Acids Res. 24, 3645-3646. 

48. Weiner, M. P., Felts, JC A, Simcox, T. G., and Braroan, J. C. 
(1993) Gene 126, 35-41. 

49. Shayiq, R. M., and Black, M. (1994) Anal Biockem. 221, 206- 
208. 

50. Chong, S., and Garcia, G. A. (1994) BioTeckniques 17, 719- 
720, 722, 724-725. 

51. DeChiara. T. M., Erlitz. F., and Tarnowski, S. J. ( 1986) Methods 
Enzymol 119, 403-415. 

52. Lai, D., Zhu, X., and Pestka, S. K. (1993) Nucleic Acids Res. 21, 
3977-3980. 

53. Olsen, D. B., and Eckstein, F. (1990) Proc. Natl Acad. Sci. USA 
87, 1451-1455. 

54. Sarkar, G., and Sommer, S. S. (1992) Nucleic Acids Res. 20, 
4937-4938. 

55. Hill, D. E., Oliphant, A. R., and Struhl, K. (1987) Methods Enzy- 
mol. 155, 558-568. 

56. Hilton, D. J., Watowich, S, S„ Katx, L. t and Lodish, H. F. (1996 ) 
J. Biol Ckem. 271, 4699-4708. 

57. Wells, J. A, Vasser, M., and Powers, D. B. (1985) Gene 34, 315- 
323. 

58. Shankarappa, B., Sirko, D, A., and Ehrlilch, G. D. (1992) Bio- 
Teckniques 12, 382-384. 

59. Sung, W.L., Luk, C.K, Zahab, D.M., Barbier, J. R., Lafon- 
taine,M., and Wilhck, G. E. (1991) Biockem. Biophys. Res. Com- 
mun. 181, 481-485. 

60. Hayashi, N„ Welschof, M„ Zewe, M., Braunagel, M., Dubel, S., 
BeitUng, F., and Little, M (1994) BioTeckniques 17, 310-315. 

61. Karlsson, O., Edlund, T., Moss, J. B., Rutter, W. J., and Walker, 
M. D. (1987) Proc. Natl Acad. Sci. USA 84, 8819-8823. 

62. Vallette, F., Mege, E., Reiss, A, and Adesnik. M. (1989) Nucleic 
Acids Res. 17, 723-733. 

63. Xu, X., Kang, S.-H., Heidenreich, O., Li, Q., and Nerenberg, M. 
(1996) BioTeckniques 20, 44-46. 

64. Kadowaki, H., Kadowaki, T., Wondisford, F. E., and Taylor, 
S.I. (1989) Gene 76, 161-166. 

65. Rouwendal, G.J. A, Wolbert, E.J.H., Zwiers, L.-H., and 
Springer, J. (1993) BioTeckniques 15, 68-76. 

66. Ali, S. A., and Steinkasserer, A (1995.1 BioTeckniques 18, 746- 
749. 

67. Foguet, M., and Lubbert, H. (1995) BioTeckniques 13, 674- 
675. 



FROM BIOMEDICAL INFORMATION SERVICE 



(WED) 4. 2' 03 1 5 : 24/ST. 1 5 : 03/NO. 4862209728 P 26 



APPROACHES TO DNA MUTAGENESIS: AN OVERVIEW 



68. Tomic, M. ( Sunjevaric, L, Savtchenko, E. S., and Blumenberg, 
M. (1990) Nucleic Acids Res. 18, 1656. 

69. Vilardaga, J.-P., Di Paolo, E., and Bollen, A. (1995) BioTech- 
niques 18, 605-606. 

70. Michael, S. F. (1994) BioTechniques 16, 410-412. 

71. Higuchi, R., Knimmel, B., and Saiki, R. K {1SBD Nucleic Acids 
Res. 16, 7351-7367. 

72. Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K, and Pease, 
L. R. (1989) Gene 71, 51-59. 

73. Perrin,S., and Gilliland, G. ( 1990) Nucleic Acids Res. 18,7433- 
7438. 

74. Kammann, M., Laufs, J., Schell, J., and Gronenborn, B. (1989) 
Nucleic Acids Res. 17, 5404. 

75. Landt, O., Grunert, H.-P., and Hahn, U. (1990) Gene 96, 125- 
128. 

76. Giebel, L.B., and Spritz, R. A. (1990) Nucleic Acids Res. 18, 
4947. 

77. Nassal, M. f and Rieger, A. (1990) Nucleic Acids Res. 18, 3077. 

78. Sharrocks. A. D. : and Shaw, P. E. (1992) Nucleic Acids Res. 20, 
1147. 

79. Kuipers, O. P., Boot, H. J., and de Vos, W.M. (1991) Nucleic 
Acids Res. 19, 4558. 

80. Armengaud, J., and Jouanneau, Y. (1993) Nucleic Acids Res. 
21, 4424-4425. 

81. Good, L., and Nazar, R. N. (1992) Nucleic Acids Res. 20 1 4934. 

82. Steinberg, R. A., and Gorman, K B. (1994) Anal. Biochem- 219, 
155-157. 

83. Datta, A. K. (1995) Nucleic Acids Res. 23, 4530-4531. 

84. Fieschi, J., Niccoli, P., Camilla, C. f Chames, R, Chartier, M., 
and Baty, D. (1996) Anal. Biochem. 234, 210-214. 

85. Zoller, M J., and Smith, M. {1987) Methods Enzymol 154, 329- 
350. 

86. Sambrook, J., Fritsch, E. R., and Maniatis, T. (1989) Molecular 
Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY. 

87. Osei-Frimpong, J., and Lebovitz, R. M. (1993) BioTechniques 
14, 554-555. 

88. Kramer, B., Kramer, W., and Fritz, H.-J. (1984) Cell 38, 879- 
887. 

89. Perfetti, V., Sassano, M., Ubbiali, P., Vignarelli, M. C, Arbus- 
tini, E., Corti, A., and Merlin, G. (1996) Anal Biochem, 239, 
107-109. 

90. Hemsley, A.. Arnheim, N M Toney, M. D., Cortopassi, G., and 
Galas, D. J. (1989) Nucleic Acids Res. 17, 6545-6551. 

91. Jones, D. H., and Howard, B. H. (1991) BioTechniques 10 t 62- 
66. 

92. Martin, A., Toselli, E., Rosier, M.-F., Auffray, C, and Devignes, 
M.-D. (1995) Nucleic Acids Res. 23, 1642-1643. 

93. Jones, D. H., and Winistorfer, S. C. (1992) BioTechniques 12, 
528-534. 

94. Stemmer, W. P. C, and Morris, S. K (1992) BioTechniques 13, 
215-216, 218-220. 

95. Dorrell, N., Gyselman, V. G., Foynes, S., Li, S.-R., and Wren, 

B. W. (1996) BioTechniques 21, 604-606. 

96. Du, 2., Regier, D. A., and Desrosiers, R. C. (1995) BiaTech* 
niques 18, 376-378. 

97. Mandecki.W. ( 1986) Proc.NatL Acad. ScL USA 83, 7177-7181. 

98. Suggs, S. V.. Hirose, T. : Miyake, T M Kawashima, E. H., John- 
son, M. J., Itakura, K, and Wallace, R. B. (1981) in Develop- 
mental Biology Using Purified Genes (Brown, D. D., and Fox, 

C. F., Eds.), pp. 683-693, Academic Press. New York. 



177 



99. Liang, Q., Chen, L.. and Fulco, A. J. (1995) PCR Methods AppL 

4, 269-274. 
00. Carter, P. (1986) Biochem. J. 237, 1-7. 

l01. Mendel, D., Cornish, V. W. ( and Schultz, P. G. (1995) Annu. 

Rev. Biophys. Biomol Struct. 24 % 435-462. 
L02. Bordo, D., and Argos, P. (1991) J. Mol Biol 217, 721-729. 
.03. Suzuki, M., Baskin, D., Hood, L., and Loeb, L. A. (1996) Proc. 

Natl Acad. Sci. USA 93, 9670-9675. 
104. Vipond, L B. t and Halford, S. E. (1996) Biochemistry' 35, 1701- 

1711. 

L05. Ikeda, M., Hamano, K. ( and Shibata, T. (1992) J. Biol. Chem. 
267 t 6291-6296. 

[06. Hermes, J. D., Blacklow, S. C, and Knowles, J. R. (1990) Proc. 

Natl Acad. ScL USA 87, 696-700. 
[07. Zhang, H. Y., Zhang, J., Lin, L., Du p W. Y., and Lu, J. (1993) 

Biochem. Biophys. Res. Commun, 192, 15-21. 
L08. Virnekas, B., Ge, L M Pluckthun, A., Schneider, K. C, Welln- 

hofer. G., and Moroney, S. (1994) Nucleic Acids Res. 22, 5600- 

5607. 

109. Zhou, Y., Zhang, X., and Ebright, R. H. (1991) Nucleic Acids 
Res. 19, 6052. 

110. Lemer, C. G., Kobayashi, T., and Inouye, M. (1990) J. Biol 
Chem. 265, 20085-20086. 

Lll. Vartanian, J.-P., Henry, M., and Wain-Hobson, S. (1996) Nu- 
cleic Acids Res. 24, 2627-2631. 

L12. Fromant, M., Blanquet, S„ and Plateau, P. (1995) Anal. Bio- 
chem. 224, 347-353. 

L13. Leung, D. W., Chen, E., and Goeddel, D. V. (1989) Tech. 1, Il- 
ls. 

L14. Cadwell, R. C, and Joyce, G. F. (1992) PCR Methods Appl 2. 
22-28. 

L15. Diaz, J.-J., Rhoads, D. D. f and Roufa, D.J. (1991) BioTech- 
niques 11, 204-211. 

L16. Myers, R. M., Lerman, L. S., and Maniatis, T. (1985) Science 
229, 242-247. 

L17. Eckert, K A., and Kunkel, T. A. (1990) Nucleic Acids Res. 18, 
3739-3744. 

118. Spee, J. H., de Vos, W. M., and Kuipers, P. (1993) Nucleic Acids 

Res. 21, 777-778. 
LIS. Goodman, M. F., and Bloom, L. B. (1993) in Nucleases, 2nd ed. 

(S. M. linn, Lloyd, R. S., and Robens, R. J., Eds.), pp. 235-262, 

Cold Spring Harbor Laboratory, Cold Spring Harbor, NY. 
L20. Co^E.C. (1976)Armtz. Rev. Genet 10, 135-156. 
L21. Scheuermann, R., Tarn, S M Burgers, P.M., Lu, C, and Echols, 

H. (1983) Proc. Natl Acad. ScL USA 80, 7085-7089. 
122. Greener, A., and Callahan, M. (1995) Strategies Mol. Biol 7, 

32-34. 

L23. Cunningham, B. C, and Wells, J. A. (1989) Science 244, 1081- 
1084. 

L24. He, M. H., Sun, J., and Kaback, H. R. (1996) Biochemistry' 35, 
12909-12914. 

125. Neupert, B., Menotti, E., and Kuhn, L. C. (1995) Nucleic Acids 
Res. 23, 2579-2583. 

126. McKnight, S.L., and Kingsbury, R. (1982) Science 217, 316- 
324. 

L27. Pikaart M. J., and Villeponteau, B. (1993) BioTechniques 14, 
22-25. 

128. Li,X--M., and Shapiro, L.J. (1993) Nucleic Acids Res. 21,3745- 
3748, 

129. Tannich, E., Tummler, M., Arnold, H. H., and Lingelbach, K. 
(1990) Anal. Biochem. 188. 255-258. 



FROM BIOMEDICAL INFORMATION SERVICE 



(WED) 4. 2' 03 15: 24/ST. 15: 03/NO. 4862209728 P 27 



LING AND ROBINSON 



178 



130. Botstein, D., and Shortle, D. (1985) Science 229, 1193- 1201. 

131. King, P., and Goodboum, S. {1992) Nucleic Acids Res. 20, 1039- 
1044. 

132. Yao, F.-L., Klein, M. H., Loosmore, S., and Rovinski, B. (1995) 
BioTechniques 18, 372-375. 

133. Tessier, D. C, and Thomas, D. Y. (1993) BioTechniques 15, 
498-501. 

134. Kobayashi, T., and Inouye, M. (1992) J. Mol. Biol 226, 931- 
933. 

135. Dwivedi, U. N M Shiraiebi, N., and Campbell, W. H. (1994) Anal 
Biochem. 221, 425-428, 

136. Tu, H. M., and Sun, S. S. M. (1996) BioTechniques 20, 352- 
353. 

137. Lewis, K, and Thompson, D. V. (1990) Nucleic Acids Res. 18, 
3439-3443. 

138. Hashimoto-Gotoh, T., Mizuno, T., Ogasahara, Y., and Naka- 
gawa, M. (1995) Gene 152, 271-275. 

139. Postina, R., and Fabrenholz, F. (1995) Anal. Biochem. 232, 
254-258. 

140. Promega (1994) Promega Technical Manual for Altered Sites 
II in Vitro Mutagensis Systems, [revised] 

141. Ohmori, H. (1994) Nucleic Acids Res. 22, 884-885. 

142. Ogretmen, B., Carpo, C„ and Safa, A. R. (1996) BioTechniques 
20, 209-213. 

143. Moore, J. T M Maley, G. F., and Maley, F. (1993) Anal Biochem. 
208, 402-403. 

144. Savers, J. R., Olsen, D. B. t and Eckstein, F. (1989) Nucleic Acids 
Res. 17, 9495. 

145. Sayers, J. R. t and Eckstein, F. (1991 J in Directed Mutagenesis 
(McPherson, M. J., Ed.), pp. 49-69, IRL Press, Oxford. 

146. Sayers, J. R., Kerkel, C., and Eckstein, F. (1992) BioTechniques 
13, 592-596. 

147. Vandeyar, M. A., Weiner, M. P., Hutton, C. J., and Batt, C. A. 
(1988) Gene 85, 129-133. 

148. KunkeL T. A., Roberts, J. D., and Zakour, R. A. (1987) Methods 
Enzymol. 154, 367-382. 

149. Merino, E., Osuna, J. Bolivar, F., and Soberon, X. (1992) Bio- 
Techniques 12, 508-510. 

. 150, Barettino, D. FeigenJbutz, M., Valcarcel, R., and Stunnenberg, 
H. G. (1994) Nucleic Acids Res. 22, 541-542. 



151. Upender, M., Raj, L., and Weir, M. 11995) BioTechniques 18, 
29-30. 

152. Boles, E., and Miosga, T. (1995) Curr. Genet 28, 197-198. 

153. Seraphin, B., and Kandels-Lewis, S. (1996) Nucleic Acids Res. 
24, 3276-3277. 

154. Trower, M. K. (1992) DNA Sequencing Mapping 3, 233-235. 

155. Keohavong, P., and Thilly, W. G. (1989) Proc. Natl Acad. Set 
USA 86, 9253-9257. 

156. Morrison, H. G., and Desrosiers, R. C. ( 1993 ) BioTechniques 14, 
454-457. 

157. Schaefer, B.C. (1995) Anal. Biochem. 227 , 255-273. 

158. Li, Q.-B., and Guy, C- L. (1996) BioTechniques 21, 192, 196. 

159. Liu, Z. (1996) Nucleic Acids Res. 24, 2458-2459. 

160. Parent, J.-L., Le Gouill, C, Rola-Pleszczynski, M., and 
Stankova, J. C. (1994) Anal Biochem. 220, 426-428. 

161. Sun, H.-W., and Lolis, E. (1995) BioTechniques 18, 644-649. 

162. Bennett, B. L., and Molenaar, A.J. ( 1994) BioTechniques 16, 
32-33. 

163. Hitti, Y. S.. and Bertino, A. M. (1994) BioTechniques 16, 802- 
805. 

164. Kanungo, and Pandey, K N. (1993) BioTechniques 14, 912- 
913. 

165. Lund, A. H., Duch, M.. and Pedersen, F. S. (199$) Nucleic Acids 
Res. 24, 800-801. 

166. Kobori, M., and Nojima, H. (1993) Nucleic Acids Res. 21, 2782. 

167. Muhlrad, D., Hunter, R, and Parker, P. (.1992) Yeast 8, 79-82. 

168. Bubeck, P., Winkler, M., and Bautsch, W. (1993 ) Nucleic Acids 
Res. 21, 3601-3602. 

169. Oliner, J. Kinzler, K. W., and Vogelstein, B. (1993) Nucleic 
Acids Res. 21, 5192-5197. 

170. Aslanidis, C-, and de Jong, P. J. (1990) Nucleic Acids Res. 18, 
6069-6074. 

171. Nisson, P. C, Rashtchian, A., and Watkins. P. C. (1991) PGR 
Methods Appl. 1, 120-123. 

172. Raehtchian, A., Buchman, G. W. f Schuster, D. M., and Ber- 
ninger, M. S. (1992) Anal. Biochem. 206, 91-97. 

173. Sakaguchi, A. Y., Sedlak, M., Harris, M., and Sarosdy, M. F. 
(1996) BioTechniques 21, 368-370. 

174. Kegler-Ebo, D. Docktor, C. M., and DiMaio. D. ( 1994) Nuleic 
Acids Res. 22, 1593-1599. 



